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Abstract
In industry, solvents are an important processing aid. They often make up the bulk
medium in liquid-phase reactions and have a large impact on process performance, from
reaction rate to environmental impact. Traditionally solvents are chosen based on heur-
istics, experience and knowledge of the reaction. Recently systematic methodologies for
choosing a solvent which can maximise the rate of a reaction have started to emerge (R.
Gani, C. Jime´nez-Gonza´lez and D. J. Constable, Comp. Chem. Eng., 29, 1661–1676,
2005 and M. Folic´, C. S. Adjiman and E. N. Pistikopolous, Am. Inst. Chem. Eng. J.,
53 (5), 1240–1256, 2007). In this work, a systematic experimental protocol for gaining
insight into a specific reaction by monitoring the kinetics of this reaction in a variety of
solvents using in situ 1H NMR spectroscopy and obtaining the reaction rate constants
by nonlinear parameter estimation is presented. The methodology has been applied to
an SN2 reaction, namely a Menschutkin reaction, in which a tertiary amine is added to a
primary haloalkane to form a quaternary ammonium salt. This reaction has been chosen
because it is a classic reaction to study solvent effects as this type of reaction is very sens-
itive to solvents and there is evidence that an empirical model of solvent effects can be
developed. Reaction rate constants have been successfully determined for 10 deuterated
solvents at ambient temperature (25 ◦C) and pressure (1 atm) using in situ 1H NMR
spectroscopy. The reaction rate constants have been found to vary over two orders of
magnitude depending on the solvent used.
This systematic methodology has also been applied to the alkylation reaction of so-
dium β-naphthoxide and benzyl bromide which forms the products 1-benzyl-2-naphthyl
ether and 1-benzyl-2-naphthol. It is known from the literature that depending upon the
solvent used the ratio of these products vary accordingly (N. Kornblum, R. Selzer and
P. Haberfield, J. Am. Chem. Soc., 85 (8) 1148–1154, 1963). In highly dipolar aprotic
solvents such as DMSO and DMF the product favoured will be 1-benzyl-2-naphthyl with
percentage yields as high as 95 % and 97 % respectively, whereas in polar protic solvents
for example, water and 2,2,2-trifluroethanol (solvents that are capable of forming hy-
drogen bonds) the other product 1-benzyl-2-naphthol is more favoured in yields as high
as 84 % and 85 % respectively. The kinetics and selectivity of this reaction have been
studied in 9 solvents by in situ 1H NMR spectroscopy at ambient temperature (25 ◦C)
and pressure (1 atm). This experimental study shows the strong variation of selectivity
and the differences in the reaction rates, which are all dependent on the solvent.
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Chapter 1
Introduction
A solvent can be described as the excess component of a solution or the one that is present in
the largest amount [78]. The issue of selecting a suitable solvent in which to perform a reac-
tion has been a problem for centuries, for scientists and engineers alike. A ‘universal solvent’
was sought by alchemists during the 15 - 18th centuries, unfortunately, no such solvent was
ever found [5]. Since then, research into the role of solvents in chemical reactions and the
search for an optimal solvent for reactions has led to the discovery of new solvents, new re-
actions and subsequently new compounds. Today, solvents are used widely across chemical
processes in the pharmaceutical, fine chemicals, agrochemical and semi-conductor industries,
to name a few. However, the importance of selecting the most optimal solvent for a given
reaction is often not considered [111]. The initial step to identifying an optimal solvent for a
chemical process, is to first understand the role of the solvent.
According to Chipperfield [112], Gani et al. [113] and Sheldon et al. [114], a solvent can act,
as a reaction medium, separation medium, transport medium, or as a reactant. As a reaction
medium, a solvent can aid reactions in many ways. For instance, they can increase reaction
rates by promoting collisions between reactants, by dissolving solid reactants in solvents. In
reactions between solids, where diffusion is the driving force, the mixing and observed reaction
rates are considerably slower. By performing reactions in the liquid-phase over the gas-phase
can greatly reduce the temperature and pressure in which they would have been conducted
at previously. This also reduces the need for specialist gas-equipment, thereby minimising
cost and improving safety. In exothermic reactions the surplus heat can be removed by the
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solvent by absorbing the heat or allowing the solvent to evaporate, whilst in endothermic
reactions, heat can be supplied through a heated inert solvent which has a high heat capacity
[113]. A different solvent can be used in place of the original solvent if any of the components
in the reaction mixture react with the original solvent chosen, thus removing unwanted side
reactions. As a separation medium, a solvent is used in separation and purification processes
to remove components. For example, in a liquid-liquid phase extraction a component will
exhibit a higher affinity to one solvent over the other. As a transport medium, a solvent
can be used to carry reactants or products around processes. They can also dissolve highly
viscous components which have the potential to damage pumps by decreasing the viscosity
of said components. As a reactant in the form of a catalyst, a solvent can partake in the
reaction and then later be removed unchanged.
Selecting a solvent for a reaction depends on many factors, such as, process performance,
economic cost, environmental and health and safety impact. These multiple factors emphas-
ise the complexity of the solvent selection problem. It shows that not all factors can be met
when choosing a solvent as trade-offs between the various performance measures are likely to
occur. The drive towards alternative solvents is influenced by external stricter environmental
and health and safety controls exerted on chemical processes by government legislation, as
well as the need to lower capital and operational costs. These ideas have been implemented
into the American Chemical Society (ACS) Green Chemistry Institute (GCI) Pharmaceutical
Roundtable, an initiative from the ACS GCI and global pharmaceutical companies, which
integrates green chemistry with green engineering ideas in the pharmaceutical drug discovery,
development and process [115].
Solvents typically make up 80-90 % of the material usage and account for ∼60 % of the
overall energy for pharmaceutical manufacture [111]. For one pharmaceutical company it
was documented that for the ten most frequently used solvents for highly developed chemical
processes this was greater than 80 %, from 1990-2000. Solvent selection has been identified as
one of the top five priorities for green engineering research by the ACS GCI Pharmaceutical
Roundtable [116]. There has been some research into the area of solvent selection and solvent
design for reactions, however, this has been limited as it is difficult to capture solvent effects
on reactions, which still remains a great challenge. The extent to which solvents influence
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reactions can be demonstrated by the reaction rate constant and product selectivity as shown
in a few motivational examples.
Wang and Iou [1] studied the Menschutkin reaction of triethylamine with benzyl chloride at
50 ◦C, with the reaction scheme shown in Figure 1.1, in 20 different solvents with reaction
rate data displayed in Table 1.1. It was found that the reaction rate constant increased with
increasing solvent polarity as indicated by the dielectric constant (εr). For instance, if the
reaction is carried out in DMSO, as opposed to benzene, the rate of reaction is increased
138-fold.
Cl
N
N
Cl
k2
Figure 1.1: The reaction of benzyl chloride with triethylamine.
Kwart and Silver [2] studied the thermolysis reaction of α-chlorobenzyl methyl ether to make
benzaldehyde and chloromethane at 25 ◦C, as shown in Figure 1.2, in eight solvents. On
performing the reaction in acetonitrile over carbon tetrachloride, the reaction proceeded
∼166,000 times faster as shown in Table 1.2.
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Figure 1.2: Thermolysis of α-chlorobenzyl methyl ether to form benzaldehyde and chlorometh-
ane
Two examples to show the effect that solvents have on selectivity, the preferential formation
of one product over the other, are the reactions of 2-aminopyrimidine or 2-aminopyridine
with methyl iodide as shown in Figures 1.3 and 1.4 respectively. For the reaction of 2-
aminopyrimidine and methyl iodide in dipolar aprotic solvents such as THF and acetone
the 2-amino-1-methyl-pyrimidin-1-ium iodide salt is formed whereas, in polar protic solvents
such as methanol 1-methyl-2(1H)-pyrimidinimine is produced [117–120]. The reaction of 2-
aminopyridine with methyl iodide when heated, or performed in THF or diethyl ether 20 ◦C
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Table 1.1: The reaction of triethylamine with benzyl chloride in 20 solvents at 50 ◦C, where k2
is the second-order reaction rate constant and krel2 is the reaction rate constant relative to that
in benzene [1].
Solvent k2 × 105 krel2
(l mol−1 s−1)
Benzene 0.23 1
2-Butanone 0.87 4
1-Octanol 1.13 5
2-Ethyl-l-hexanol 1.45 6
2-Butoxyethanol 1.69 7
1-Butanol 2.24 10
Acetophenone 3.09 13
1-Propanol 3.21 14
2-Butanol 3.37 15
2-Propanol 3.58 16
Ethanol 3.61 16
Propionitrile 4.54 20
Chloroform 5.12 22
Benzonitrile 5.33 23
Methanol 5.59 24
DMF 6.04 26
Nitrobenzene 6.37 28
Benzyl alcohol 11.84 51
Acetonitrile 12.09 53
DMSO 31.74 138
Table 1.2: Solvents studied for the thermolysis of α-chlorobenzyl methyl ether, with first-order
reaction rate constants (k1) at 25 ◦C and krel1 is the reaction rate constant relative to that in
carbon tetrachloride [2].
Solvent k1 (s−1) krel1
Carbon tetrachloride 1.73 × 10−10 1
Toluene 9.79 × 10−10 6
Chlorobenzene 6.31 × 10−9 36
Chloroform 1.29 × 10−7 746
Nitrobenzene 3.78 × 10−6 21850
Sulfolane 4.30 × 10−6 24855
Acetonitrile 2.88 × 10−5 166474
forms the product 2-amino-1-methylpyridinium iodide, whereas when the reaction is per-
formed in methanol and ethanol the other product; 1-methyl-1H-pyridin-2-one-imine and
hydrogen iodide is formed. Further supporting examples on how solvents influence reactions
as demonstrated by the reaction rate constants and selectivity can be found in the back-
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Figure 1.3: The reaction of 2-aminopyrimidine and methyl iodide, where in the solvents THF
and acetone the product 2-amino-1-methylpyrimidin-1-ium iodide is formed, whereas in methanol
the product formed is 1-methyl-2(1H) -pyrimidinimine and hydrogen iodide.
N NH2
CH3I
Heat
THF
Ether
MeOH
EtOH
N
N
NH2
NH
HI
I
Figure 1.4: The reaction of 2-aminopyridine and methyl iodide which in THF, diethyl ether
or heating forms the product 2-amino-1-methylpyridinium iodide and in methanol and ethanol
forms the 1-methyl-1H-pyridin-2-one-imine and hydrogen iodide.
ground of Chapters 2, 3, 4 and in the literature [5].
This observation along with the increasing economic and environmental legislative pressures
faced by companies, emphasise the need for solvent selection methodologies and the need to
control reaction rates and selectivity. There is no universal systematic approach to choosing
the best solvent for a reaction. Common industrial practice for choosing a solvent for a reac-
tion is based on heuristics, intuition, experience and knowledge of the reaction [121]. Specific
experiments are then performed, for example a solvent screen, and the best solvent from that
screen is usually selected. Some methodologies do exist where if the desired characteristics
are known and the target properties are available in a database, then solvent properties can
be predicted and rapid solvent screening can occur. However, such methodologies only allow
for the selection of solvents that are present in the database, and so new solvents cannot be
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selected.
An increasingly attractive and powerful methodology for solvent selection is Computer-Aided
Molecular Design, (CAMD) [113, 122–124]. This is where, given a set of molecular solvent
candidates and specified target properties, solvent molecules are synthesised in silico to match
these properties [123]. These designed molecular solvent candidates can be used to guide ex-
perimentalists to identifying potential solvent candidates or certain functional groups that
could speed up the reaction rate and therefore increase product yields. For instance, solvent
effects on reaction rates can be captured by kinetic experiments, multivariate statistical meth-
ods (examples include principal component analysis or multiple linear regression) or compu-
tational chemistry (examples include molecular modelling or quantum mechanical methods).
This thesis is focused on the experimental collection and analysis of reaction rate data. The
experimental methodology has to be methodical, systematic, reproducible and give reliable
accurate reaction rate data. There are few systematic studies of solvent effects which cover
this. Two examples of this are the work of Lassau and Jungers [25] and Abraham and Grellier
[35]; these will be reviewed in detail in Chapter 3. The reaction rate data can be used to
gain insights into how certain solvent groups affect reactions. This shows which solvent type
favours the specific reaction class under investigation and can ultimately give the highest
yield and or selectivity. The solvent chosen can dramatically affect the rate of a reaction
and its reaction rate constant; the appropriate choice of solvent can speed up a reaction by
orders of magnitude [5, 25]. The experimental reaction rate constant data can then be used
to regress a solvatochromic equation, which has the added benefit of indicating which solvent
groups will increase or decrease the reaction rate.
The main focus of this thesis is the effects that solvents have on the reaction rate and
selectivity of a reaction. Consider a bimolecular reaction,
1 + 2 solvent−−−−→
T (◦C)
3 + 4 (1.1)
The rate of reaction for the above equation is defined as:
r = ks(T ) ∙ [1] ∙ [2] (1.2)
where r is the rate of reaction with units of mole / (volume × time), determined in relation to
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the disappearance of the starting material; ks(T ) is the (solvent and temperature-dependent)
reaction rate constant, with units of volume / (mole × time); [1] and [2] are the reactant
concentrations with units of mole / volume.
1.1 Objectives of Thesis
The main objectives of this thesis are to develop a systematic and generic experimental meth-
odology for measuring reaction kinetics. This will be applied to a variety of different solvents
and so reaction kinetics will be measured in these solvents. The aims are; i) to understand
the effects that solvents have on reactions ii) to determine reaction rate constants for specific
reactions, iii) to explain why certain solvents increase or decrease the reaction rates, iv) to
determine why in some reactions one product is favoured over another and how this can be
influenced by the solvent.
The systematic methodology will be applied to two different reactions. Firstly, a Mens-
chutkin reaction of phenacyl bromide and pyridine which is a straightforward SN2 reaction,
where reaction rate constants are affected and secondly, an alkylation reaction of sodium β-
naphthoxide and benzyl bromide is investigated which is a reaction capable of attack at two
sites, and therefore two byproducts, where reaction rate constants and selectivity are affected.
Using the reaction rate constants obtained from the methodology, an empirical equation will
be regressed. This will show which solvents favour or disfavour the reaction, and so what
solvent(s) or solvent class, is optimal for the reaction. Finally, the experimental work will be
used to guide future computational workers and will integrate with the computational work
developed by Struebing et al. [51] and Folic et al. [121].
1.2 Outline of Thesis
This thesis is organised as follows. In Chapter 2, the different ways in which to classify
solvents will be discussed, followed by how solvents affect reactions and the role of the solvent
in chemical reactions. This will be followed by the different qualitative methods used to pre-
dict reaction rates such as the Hughes and Ingold rules and the solvatochromic equation,
examples are given within to demonstrate this. Next the various experimental methods for
measuring reaction kinetics are discussed. Finally, the different methods available for kinetic
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analysis are presented.
In Chapter 3, a short review is presented on different Menschutkin reactions. All the experi-
mental data to date relating to the Menschutkin reaction of phenacyl bromide and pyridine is
presented as this is the reaction under investigation, concluding with a short summary of why
this reaction was chosen. This will be followed by the experimental methodology that was
chosen, the kinetic model and the experimental reaction rate constant results for this reaction
in ten solvents which are compared to the literature where available. This is concluded with
a regressed solvatochromic equation using the reaction rate constants that were obtained in
the previous part and a short summary of the work is presented.
In Chapter 4, a few examples of experimental work are presented of how solvents affect
the selectivity of reactions. This is followed by a section on the way in which selectivity is
affected when there are nucleophiles capable of attack at two or more sites. These nucleo-
philes are known as ambident anions and some examples from the literature are presented.
To determine which reaction to investigate, a list of criteria are established. The reactions
discussed previously are assessed against the criteria and the alkylation reaction of sodium
β-naphthoxide and benzyl bromide is chosen to be studied as it fulfils most of the criteria.
The results to experiments in nine chosen solvents are discussed along with the experimental
protocol, objectives of the experiments and methodology used to obtain the results. The
reaction rate constants are then incorporated into two empirical solvatochromic equations
and finally the Chapter is concluded with a short summary.
Finally in Chapter 5, the thesis is concluded with a summary of the work, highlighting the
key contributions of this work, followed by future recommendations for this work.
Chapter 2
Background
This chapter provides a brief discussion of five main points: Section 2.1 offers an introduction
to solvents and the different ways to classify solvents; Section 2.2 is about how solvents af-
fect reactions and how this can be explained with transition-state theory (TST); Section 2.3
covers the prediction of solvent effects by the Hughes-Ingold rules and the use of the solvato-
chromic equation; Section 2.4 covers the experimental techniques for reaction monitoring,
specifically focusing on 1H NMR which was the analytical technique used in this thesis; and
finally in Section 2.5 the techniques which can be used to analyse data collected from kinetic
experiments.
2.1 What is a Solvent; and How are Solvents Classified?
A solvent is generally the component that is in excess when in the liquid-phase; one definition
is ‘the component of a solution that is present in the largest amount’ [5, 78]. A solvent is
often classified according to its physical properties or according to its chemical constitution.
However, the discussion in the following sections will demonstrate that a solvent should be
classified by both its physical properties and chemical constitution as its behaviour and effects
depend on both. Reichardt and Welton [5] have divided solvents into five different groups and
classified them according to their chemical constitution, physical properties, specific solvent-
solute interactions, acid-base behaviour and finally by multivariate statistical methods. These
will be discussed briefly in the following sections.
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2.1.1 Solvent Classification by Chemical Constitution
Depending on the type of chemical bonds that a solvent contains, it can be classified into
three main classes; molecular liquids which contain molecular bonds only (for example di-
chloromethane (DCM) or toluene), ionic liquids which are molten salts and contain ionic
bonds (for example molten sodium chloride), and atomic liquids which are low melting liquid
metals exhibiting metal bonds (for example liquids mercury, sodium or gallium). The three
classes can be further refined by considering the functional groups in a solvent. For example,
when dissolving a solute in a solvent, the rule of “similia similibus solvuntur” (like dissolves
like) is often applied [5]. When dissolving a solute in a given solvent, a solvent chosen with
similar functional groups to those appearing in the solute generally dissolves the solute bet-
ter. For example aromatic-containing reactants dissolve well in aromatic-containing solvents
such as toluene. The functional groups in a solvent are also considered, to avoid the issue of
chemical reactivity.
2.1.2 Solvent Classification by Physical Properties
Solvents can be classified according to their physical properties and described by these prop-
erties. Examples of such properties can include melting or boiling temperatures, relative
permittivity (often to referred to as the dielectric constant), polarity, dipole moment, dens-
ity, cohesive energy density. Melting and boiling temperatures are widely available for many
solvents, as are dielectric constants at a given temperature. Cohesive energy density is used
in some empirical correlations and is a measure of the strength of molecular solvent-solvent
interactions. Reichardt and Welton [5] define polarity as the sum of the molecular properties
that are responsible for the interactions between the solvent and solute molecules. Never-
theless it is often difficult to define polarity quantitatively and it is often described by the
dielectric constant or the dipole moment. Another scale to describe polarity is the ET(30)
parameter developed by Dimroth and Reichardt [5]. It is based on the UV-Vis absorption
measurement of a solvent in the solvatochromic dye (pyridinium N -phenolate betaine dye,
where the number 30 refers to dye number 30) and the determination of the energy that is
needed to promote the dye from its ground state to an excited state. The ET(30) scale has
units of kcal mol−1 (2.86 × 104 λ−1), it is converted to ET and the normalisation of this scale
from tetramethylsilane (TMS as zero) to water (as one) gives ENT [4, 5].
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2.1.3 Solvent Classification by Acid-Base Behaviour
There are many different definitions to describe acid-base behaviour of solvents: depend-
ing on the context, the most appropriate one must be chosen. The Brønsted-Lowry theory
[125–128] of acids and bases defines acids as proton donors and bases as proton acceptors.
The Lewis theory of acids and bases [129–131] defines acids and bases as electron pair ac-
ceptors (EPA) and electron pair donors (EPD) respectively. Based on the Brønsted-Lowry
theory of acids and bases, Kamlet and Taft [53–55] developed solvent property descriptors
for acidity and basicity, which have been implemented in linear free energy relationships cf.
Section 2.3.2. Other scales have been developed to describe acid-base behaviour of solvents
and a few examples are given here. The Mayer-Gutmann Acceptor (AN) [132] and Donor
numbers (DN) [133–135] are measures of the strengths of solvents as Lewis acids or bases.
The Acceptor number is based on the 31P-NMR chemical shift of triethylphosphine oxide
(Et3P=O) in the solvent. The oxygen atom in triethylphosphine oxide (Lewis base) interacts
with solvent molecules (Lewis acid) which causes a decrease in electron density or deshielding
at the phosphorus atom [132, 136]. This deshielding corresponds to a downfield chemical shift
and using this value the AN can be calculated. The Donor number is based on the heat of
reaction (ΔH◦) between the solvent (Lewis base) and antimony pentachloride (SbCl5, Lewis
acid) in a 1:1 adduct formation in dilute 1,2-dichloroethane [133–135].
The Fawcett [137] acidity (Ap) and basicity (Bp) are obtained from the solvation energy of
monoatomic ions. Catala´n et al. [138–143] determined solvent acidity (SA) and basicity (SB)
scales. The SA [138, 139] (hydrogen-bond acidity), expressed as the enthalpy term, has been
evaluated by measuring the differences between the solvation enthalpies of 1-methylimidazole
and n-methylpyrrole in solvents. The SB scale [141] (hydrogen-bond basicity) can be used to
determine the bacisity of a solvent as long as it dissolves in the acid probe (5-nitroindoline)
and non-acid homomorph (1-methyl-5-nitroindoline). Swain et al. [144] developed a solvent
acidity and basicity scale namely “acity” – the tendency of a solvent to solvate anions -
and “basity” – the tendency toward cation solvation. The scale is based on the statistical
analysis of 1080 reported data sets for 61 solvents and 77 reactions, and also physico-chemical
properties (such as reaction rate constants, equilibrium constants, product ratios and UV-Vis
/ IR / ESR / NMR spectra) [144]. Swain et al. [144] concluded that every solvent effect can
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be described on the basis of these two complementary scales.
2.1.4 Solvent Classification by Specific Solute-Solvent Interactions
Solute-solvent interactions take into account both non-specific and specific interactions. For
instance Coulombic, inductive and dispersive forces make up non-specific interactions whereas
for instance, hydrogen bonding and EPA or EPD make up specific interactions [145]. Solvents
can be divided into three groups, based on their electrostatic structure: dipolar aprotic
solvents [146–148], protic solvents [146–148] and apolar aprotic solvents [5]. The differenti-
ation between the classes is by the differences in dipolarity and their ability to form hydrogen
bonds. Dipolar aprotic solvents usually exhibit large dielectric constants (with values εr >
15) and dipole moments, with ENT values between 0.3 - 0.5. They do not behave as hydorgen
bond donors (HBD), although they are generally good EPD solvents. Examples include;
dimethylsulfoxide, tetrahydrofuran (THF), acetonitrile, acetone and 1,4-dioxane, which will
be studied in this thesis. Polar protic solvents are similar to dipolar aprotic solvents as they
exhibit large dielectric constant values (εr > 15) and higher ENT values (between 0.5 - 1.0),
which indicate strongly polar solvents, as they can form hydrogen bonds so are HBD solvents.
Examples include water, alcohols and ammonia, specifically being studied in this thesis are
methanol, ethanol and nitromethane. The final class is that of apolar aprotic solvents, also
referred to as non-polar solvents which have low dielectric constants, dipole moments and
ENT values (between 0.0 - 0.3) and do not form hydrogen bonds. These types of solvents
only interact with the solute via nonspecific forces such as induction and dispersion forces.
Examples include aliphatic and aromatic hydrocarbons, specific examples for this thesis are
toluene and chloroform.
2.1.5 Solvent Classification by Multivariate Statistical Methods
The classification of solvents is not always a simple task, as there are many different factors
to account for. It is not always possible to correlate solvent-sensitive processes to one solvent
property only [5]. To overcome this issue, many different solvent properties (e.g. dielectric
constants, boiling points, ENT etc.) can be input into a multivariate statistical method. There
are two main methods available which are capable of determining the relative importance of
certain solvent properties on the value of a property dependent on them, e.g., a reaction rate
or a permeability. The first of these methods is known as multiple linear regression analysis,
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where based upon a set of preselected solvent properties and a postulated equation, a depend-
ent property is determined [5]. The second such method is known as principal-component
analysis (for example, Zalewski [149]) or factor analysis (for example, Malinowski and Howery
[150]). Based upon a set of solvent descriptors a simple linear equation is constructed. Using
statistical methods, the minimum number of principal-components or underlying factors is
determined from the solvent property or descriptors. This is then followed by the determin-
ation of the magnitude of each of these factors for each solvent.
There is no single method to classify solvents and that the properties considered are often
correlated. In the next section, the effects that solvents have on the impact of reactions are
considered and links will try to be established between solvent properties and solvent effects.
2.2 Solvent Effects on Reactions
The effect of solvents on the rate of reactions can be studied computationally or experiment-
ally. Reactions can be studied in different solvents and kinetic predictions or measurements
are made. In this thesis the latter approach is adopted, specifically focusing on the experi-
mental kinetic measurements of reaction rate data in different solvents.
For a reaction to occur spontaneously, three criteria need to be met: in the first instance, the
reactant molecules need to diffuse toward each other; secondly, the “chemical transformation”
takes place and lastly, the products need to diffuse away from each other [106]. The reaction
rate is controlled by the second step as for most reactions the chemical transformation is
significantly slower than the diffusion process [106]. In a reaction, solvent molecules surround
the reactant molecules in a “cage”–like structure. The reactant and solvent molecules are
constantly colliding and when the reactant molecules meet, another “cage” of solvent mo-
lecules is formed around the two reactants. This results in the rapid succession of collisions
of reactant molecules with each other and the solvent molecules (“cage” walls), potentially
resulting in a reactive collision. The separate reactant molecules diffuse apart unreacted if no
reactive collisions occur. For a reactive collision to occur a minimum energy (the activation
energy) must be overcome and the free energy of the products must be lower than the free
energy of the reactants.
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This idea is incorporated in Arrhenius’ classical theory of reaction kinetics (for example see
references [103, 151]), whereby reactants have to overcome a certain energy barrier before
transforming into the products. The reaction rate constant is expressed as
k = A exp
(
− Ea
RT
)
, (2.1)
where k is the reaction rate constant in units of (concentration)1−nord (time units)−1 for re-
action order nord, A is a pre-exponential factor in (concentration)1−nord , Ea is the activation
energy in J mol−1, R is the universal gas constant in J mol−1 K−1 and T is absolute tem-
perature in K. Many reactions follow a linear pattern whereby if the temperature increases
so too does the reaction rate, the general rule is the reaction rate doubles for every 10 ◦C
increase in the temperature [103].
Transition-state theory (TST) is essentially based on Arrhenius’ classical theory of reaction
kinetics and is a major improvement of reaction kinetics [152, 153]. As the most compre-
hensive theory to date, transition-state theory is often used for modelling the kinetics of
homogeneous liquid-phase chemical reactions [5, 78]. This is because it is the most compre-
hensive theory to date. In the following sections, transition-state theory will be reviewed in
Section 2.2.1, an interpretation of how solvents affect reactions is presented in Section 2.2.4,
followed by Section 2.3, on a few methods that are available to predict the effects of solvents
on reactions.
2.2.1 Transition-State Theory
Transition-state theory provides an understanding of reaction rates by comparing the free
energies of the reactants against that of the activated complex, it was simultaneously postu-
lated by Eyring [152] and Evans and Polanyi [153] in 1935. When considering an elementary
bimolecular reaction
νAA+ νBB→ products , (2.2)
where A and B are the reactants and νi is the stoichiometric coefficient of species i the
reaction can be interpreted as,
νAA+ νBB
 ν(AB)‡ (AB)‡ → products , (2.3)
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where (AB)‡ is the activated complex with which the reactants A and B are in a rate-
determining quasi-equilibrium. This can be represented graphically by a simple one-dimensional
Gibbs free energy diagram as shown in Figure 2.1.
Figure 2.1: A one-dimensional Gibbs free energy diagram of the reaction A + B 
 [AB]‡ →
products, equation (2.3) adapted from [5]. In Transition-State Theory, the reactants (A and B)
are assumed to have overcome a certain energy barrier, known as the activation energy (ΔG‡),
to form the products. ΔG◦ is the standard molar Gibbs free energy of the reaction.
In transition-state theory, it is assumed that before the activated complex decomposes to form
the products, a rate-determining quasi-equilibrium is set up between the activated complex
and the reactants [5]. This can be seen in equation (2.4), where, for reaction (2.3), it is
possible to write
K‡ =
a[AB]‡
aA ∙ aB =
x[AB]‡
xA ∙ xB ∙
γ‡
γA ∙ γB (2.4)
where K‡ is the quasi-equilibrium constant, a[AB]‡ , aA and aB are the activities of each com-
ponent, xA, xB and x[AB]‡ are the mole fractions of the reactants A, B and the activated
complex [AB]‡ respectively, and γA, γB and γ‡, are the activity coefficients of the reaction
species, respectively.
As the reaction rate is assumed proportional to the concentration of the activated complex,
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the reaction rate constant (k), specific for that reaction is proportional to K‡. From statistical
mechanics this proportionality factor can be estimated by
k = κkB ∙ T
h
K‡, (2.5)
where k is the reaction rate constant, κ the transmission coefficient, kB the Boltzmann
constant, T the absolute temperature, h Planck’s constant and K‡ the equilibrium rate
constant. The term (κ ∙ kB ∙ T/ h) has a value of ∼6 ps−1 at 25 ◦C [78]. It is assumed
that each mole of the activated complex becomes a mole of product, which corresponds to
the assumption that the transmission coefficient (κ) is a constant. The overall reaction rate
can be determined by the quasi-equilibrium constant through a universal frequency factor,
equation (2.5), which only varies with respect to temperature. Therefore the reaction rate
constant, (k) of the reaction is given by
k = kB ∙ T
h
∙K‡ = R ∙ T
NA ∙ h ∙K
‡, (2.6)
where NA is Avogadro’s constant.
The quasi-equilibrium constant, (K‡), the Gibbs free energy of activation (ΔG‡) the en-
thalpy of activation (ΔH‡) and the entropy of activation (ΔS‡) are related through standard
thermodynamic relations, by [103]
ΔG‡ = −R T lnK‡ (2.7)
ΔG‡ = ΔH‡ − TΔS‡ (2.8)
Equations (2.6), (2.7) and (2.8) can be combined to determine the reaction rate constant and
its dependence on the activation enthalpy and entropy:
k = RT
NAh
exp
[
−ΔG‡
RT
]
= RT
NAh
exp
[
−ΔH‡
RT
]
exp
[
ΔS‡
R
]
. (2.9)
Equation (2.9), shows that the activation enthalpy and entropy both contribute to the reac-
tion rate constant.
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Reactions kinetics are determined by the activation Gibbs free energy and for an elementary
reaction the reaction rate constant k is expressed as,
k = κkBT
~
∏
i
(c◦i )νi exp
(
−ΔG
‡
RT
)
(2.10)
where κ is the dimensionless transmission coefficient, kB is the Boltzmann constant in J K−1,
T is the absolute temperature in K, ~ is Planck’s constant in J s, c◦i is the standard state
concentration of component i in the liquid phase, R the universal gas constant in J mol−1
K−1 and ΔG‡ the Gibbs free energy of activation in J mol−1. For a more comprehensive
overview of transition-state theory, the reader is referred to the work of “Chemical Kinetics”
by K. Laidler, (1987) [106].
2.2.2 Transition-State Theory and the Effects of Solvents on Reactions
Different solvents solvate the reactants and activated complexes to varying degrees therefore
altering the free energy of activation (this is the free energy required for reactants to form
an activated complex) and the corresponding reaction rate constant. A schematic example
of the energetic path of a reaction in two different solvents is shown in Figure 2.2. When
comparing a reaction that has taken place in two different solvents, Solvent I and Solvent
II the Gibbs free energy of transfer is used; ΔGI→II . The change in the activation Gibbs
free energy for the reaction in the two different solvents is ΔΔG‡, the change in the Gibbs
free energy of the reactants in the two different solvents is ΔGRI→II and the change in the
Gibbs free energy of the activated complex from the reactants in the two different solvents is
ΔG‡I→II . These can be related by:
Δ(ΔG‡) = ΔG‡II −ΔG‡I
=
(
G‡II −GRII
)
−
(
G‡I −GRI
)
= ΔG‡I→II −ΔGRI→II , (2.11)
where G‡I and G
‡
II are the Gibbs free energies of activation in solvents I and II respectively
and GRI and GRII are the Gibbs free energies of the reactants in solvents I and II respectively.
Equation (2.11) shows that ΔG‡I→II can be determined from the measured Gibbs free energy
of transfer of the reactants ΔGRI→II and the measured kinetic activation parameter ΔΔG‡.
Equation (2.11) is described graphically in Figure 2.2. To link the observable reaction rate
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Figure 2.2: A one-dimensional graph of the Gibbs free energies as used in transition-state theory
demonstrating the effect of two different solvents I and II on a chemical reaction. Adapted from
[5, 78].
constant (k) with the change in free energy (ΔΔG‡) it can be described as [23],
ln
(
kI
kII
)
= −ΔΔG
‡
RT
=
−
(
ΔG‡I→II −ΔGRI→II
)
RT
, (2.12)
where kI and kII represent the reaction rate constants in solvents I and II, respectively.
Equation (2.12) is advantageous as it is independent of the Arrhenius exponential factor, as
the same conditions are assumed to apply in both solvents for the same reaction.
Solvent effects can be referred to in two ways. Firstly as static or equilibrium solvent effects
which can be described using TST. This requires the fast reorientational relaxation of solvent
molecules during the activation process, where the activated complex is in thermal equilib-
rium with the solvent molecules [23]. Secondly as dynamic solvent effects which cannot be
explained by TST, where non-equilibrium solvation of the activated complex and or slow
solvent reorientation occurs [5]. Highly viscous solvents are examples of such behaviour.
2. Background 69
2.2.3 Solvent Effects and the Affect on Chemical Reactivity and Reaction
Mechanisms
A change in solvent can not only affect the reaction rate but also the chemical reactivity,
more commonly referred to as the reaction mechanism. Two examples from the literature
are shown in Figures 2.3 and 2.4 and discussed accordingly, with further examples shown
in Section A.1 in Appendix A. Other examples specifically focusing on selectivity and how
solvents affect this will be discussed in the literature review of Chapter 4.
a) Firstly, a solvent can dramatically change the reaction mechanism Zollinger [79] studied
the thermal dediazoniation of arenediazonium ions in solution, as shown in Figure 2.3.
It was established that two competitive reaction mechanisms occur depending on the
reaction medium via a homolytic or heterolytic reaction pathway [5]. In dipolar aprotic
N NAr
k1
N NAr
N NAr S
δ
δδ
δ
N NAr
N NAr S
products
Homolytic bond
cleavage
Heterolytic bond
cleavage
S
Polar protic
solvents
(pH < 1)
e.g. HFIP, 
TFE, H2O
Dipolar aprotic 
solvents e.g. 
DMSO, 
pyridine, HMPT
Figure 2.3: The thermolysis of arene diazonium salts, where in polar protic solvents for example
hexafluoroisopropanol (HFIP), trifluoroethanol (TFE) or water, pH <1, the heterlytic cleavage is
favoured, whereas in dipolar aprotic solvents, for example dimethylsulfoxide (DMSO), pyridine,
or hexamethylphosphoramide (HMPT), a homolytic cleavage is favoured [5, 79].
solvents, for example dimethylsulfoxide (DMSO), pyridine, or hexamethylphosphoramide
(HMPT), a homolytic decomposition of the diazonium ion is favoured to give an aryl
radical and consequent reaction products [154]. Whereas in polar solvents, for example
hexafluoroisopropanol (HFIP), trifluoroethanol (TFE) or water where the pH <1, the
first and rate-limiting step is a heterolytic cleavage of the diazonium ion to give an aryl
cation and molecular nitrogen, followed by rapid reaction of the cation with any available
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nucleophile. The solvent does not have a great effect on the heterolytic rate of reaction
differing only by a factor of 9 from the slowest rate seen in 1,4-dioxane and the fastest
rate seen in 2-propanol [5, 79]. The rates of the heterolytic decomposition are slower than
the corresponding rates of the homolytic decomposition [5, 79].
b) Chemoselectivity is the ability of reagents to differentiate between functional groups and
this can be solvent-dependent and therefore solvent-controlled [5]. An example of this
is the reduction of the bifunctional compound 11-bromoundecyl tosylate with lithium
aluminium hydride in different solvents as shown in Figure 2.4 [80]. The reaction proceeds
Br OTos
Br H
H OTos
+ LiAlH4
in Et2O
in diglyme
83 %
78 %
Figure 2.4: The reaction of 11-bromoundecyl tosylate with lithium aluminium hydride select-
ively reduces the tosylate group to give n-undecyl bromide in 83 % yield in diethyl ether (Et2O),
whereas in diglyme (diethylene glycol dimethyl ether), the bromine substituent is selectively
reduced to yield n-undecyl tosylate in 78 % yield [80].
with the selective reduction of the tosylate group to yield n-undecyl bromide in diethyl
ether as the solvent. However, in the solvent diglyme (diethylene glycol dimethyl ether),
the bromine substituent is selectively reduced to yield n-undecyl tosylate [80, 154]. The
lithium cation is poorly solvated in diethyl ether and lithium aluminium hydride (LiAlH4)
reacts as an ion-pair [5, 80]. Diglyme chelates the lithium cation more strongly, making
the aluminium hydride ion (AlH	4 ) more nucleophilic resulting in the rapid reduction of
the bromo substituent [5, 80].
2.2.4 Classification of Different Types of Solvent Effects on Transition-
States
According to Kosower [5], organic reactions can be grouped into three classes depending on
the character of the activated complex through which these reactions can proceed, via a di-
polar, isopolar or free-radical transition-state [5]. Activated complexes with a dipolar nature
differ greatly in charge separation (or charge distribution) from the initial reactants. Dipolar
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transition-state reactions with large solvent effects can be found amongst substitution, elimin-
ation, displacement, ionisation, and fragmentation reactions [5]. Isopolar activated complexes
differ very little in charge separation or charge distribution from the initial reactants. Iso-
polar transition-state reactions are pericyclic reactions of which the Diels-Alder reaction or
Cope elimination reactions are such examples. Free-radical transition-state reactions are also
examples of small or negligible solvent effects. A free-radical activated complex is formed by
the creation of an unpaired electron during homolytic bond cleavage [5]. Examples of this are
radical-pair formation and atom-transfer reactions. In the following sections, a few examples
are given to show the effects of solvents on dipolar, isopolar and free-radical transition-state
reactions.
2.2.4.1 Solvent Effects on Reactions with a Dipolar Transition-State
Reactions with a dipolar transition-state are those which involve a significant change in the
charge distribution of the activated complex compared to the reactants. Examples of these
type of reactions include: nucleophilic substitution reactions (SN1 / SN2 type reactions),
including those of the aromatic nature (SNAr) or aliphatic nucleophilic addition (AN); elim-
ination reactions (E1 / E2) of various types including aromatic electrophilic (SEAr) reactions,
aliphatic electrophilic substitution (SE1 / SE2) reactions and aliphatic electrophilic (AE) re-
actions; aldol addition reactions; rearrangement, fragmentation, and isomerisation reactions
[5]. A few examples from the literature have been selected to show some of these types of
reactions and the way in which solvents have a great effect on them.
i) Hughes and Whittingham [3] studied the reaction of trimethylamine with trimethylsulf-
onium ion in four different solvents at various temperatures, with data displayed in Table
2.1. The relative rate of reaction is ∼120 faster in nitromethane than in water showing
that this type of reaction favours dipolar aprotic solvents, over protic solvents. The
reaction rate decreases with increasing solvent polarity as indicated by the ENT in Table
2.1. The initial reactants are more strongly solvated than the activated complex, with
its dispersed positive charge as shown in Figure 2.5.
ii) The SE2 cleavage of alkyltins with iodine has been studied in a few solvents, with the
most studied in 8 solvents for ethyltrimethylstannane (EtSnMe3). The rate of iodinolysis
of ethyltrimethylstannane in acetonitrile at 25 ◦C is more than ∼6700 times faster than
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Table 2.1: The reaction of trimethylamine with trimethylsulfonium ion in four different solvents
[3]. ENT is the normalised ET(30) parameter (a solvent polarity indicator) [4, 5], εr is the solvent
dielectric constant [4, 5], krel2 is the reaction rate constant relative to that in water at 44.6 ◦C,
k2 is the second-order reaction rate constant at four different temperatures (in ◦C) and A and
Ea are the Arrhenius parameters: the pre-exponential factor and the activation energy [3].
Solvent ENT εr krel2 104 k2 (l mol−1 s−1) 1010 A Ea
(25 ◦C [4, 5]) (44.6 ◦C) 44.6 60.5 75.02 101.6 ◦C (s−1 mol−1 l) (kcal mol−1)
Water 1.000 78.36 1 0.07 0.37 1.59 17.00 4.90 23.07
Methanol 0.762 32.66 6 0.41 2.12 8.23 75.20 3.05 21.61
Ethanol 0.654 24.55 10 0.67 3.18 12.1 96.30 0.94 20.55
Nitromethane 0.481 35.87 119 7.75 31.3 - - 0.19 17.99
SN SCH3
N
δ+ δ+
SN
k2
45 °C
Figure 2.5: The reaction of trimethylamine with trimethylsulfonium ion to form tetramethyl-
ammonium and dimethylsulfide [3].
that in chlorobenzene as shown in Table 2.2 by the relative reaction rate (krel2 ) [6]. The
second-order reaction rate constant is strongly solvent-dependent and is in agreement
with a highly dipolar activated complex as shown by a generic reaction scheme in Figure
2.6, which is more stabilised by a more polar solvent such as acetonitrile.
Table 2.2: The SE2 cleavage of the alkyltin (EtSnMe3) with iodine in various solvents at 25 ◦C,
where k2 is the second-order reaction rate constant in l mol−1 s−1 and krel2 is the reaction rate
constant relative to that in chlorobenzene [6].
k2 krel2
Solvent (l mol−1 s−1)
Chlorobenzene 9.3 × 10−4 1
Dichloromethane 7.9 × 10−3 8
1,2-Dichloropropane 1.4 × 10−2 15
Acetone 1.6 × 10−2 17
Chloroform 3.5 × 10−2 38
1-Bromo-2-chloro-benzene 4.6 × 10−2 49
Ethanol 3.4 × 10−2 366
Acetonitrile 6.3 6774
iii) Other examples of where the reaction rate increases when performing the reaction in
different solvents are the SN2 reactions of ethyl iodide and the bromide ion [7], Figure
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IR SnR H3C I I Sn IR H3C I
k2
25 °C
Figure 2.6: The SE2 cleavage of alkyltins with iodine at 25 ◦C [6].
2.7, and 1-bromobutane and the azide ion [8], Figure 2.8. For each of the aforementioned
IC2H5Br
δ− δ−
I
k2
30 °CBr I Br
Figure 2.7: The SN2 reactions of ethyl iodide and the bromide ion to form ethyl bromide and
the iodide ion.
BrC4H9N3
δ− δ−
BrN3
k2
25 °CN3 C4H9Br
C4H9
Figure 2.8: The SN2 reactions of the azide ion and 1-bromobutane to form 1-azidobutane and
the bromide ion.
reactions, in changing the solvent from methanol, a polar protic solvent, to dipolar aprotic
solvents: n-methyl-2-pyrrolidone and hexamethylphosphoramide (HMPA), the reaction
rate increases ∼130,000 and ∼200,000 times respectively as shown by the relative reaction
rate in Tables 2.4 and 2.3. This shows that these types of reactions favour more polar
solvents but also dipolar aprotic solvents. This may be due to the hydrogen bonding of
the polar protic solvents interacting with the activated complex and therefore hindering
product formation.
iv) Gleave et al. [9] studied the alkaline hydrolysis of the trimethylsulfonium ion as shown
in Figure 2.9 in an aqueous ethanolic reaction medium. It can be seen from the relative
reaction rates in Table 2.5 that by increasing the amount of water the reaction rate
dramatically decreases by ∼20,000.
Oae and Khim [10] also found the same phenomenon for the alkaline decomposition of
triarylsulfonium halides with the ethoxide ion in aqueous ethanol at 120 ◦C. From Table
2.6 the reaction rate of decomposition drastically decreases by ∼320,000 when increasing
the proportion of water from 2 to 98 %.
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Table 2.3: Solvents studied for the reaction of ethyl iodide and the bromide ion [7]. k2 is the
second-order reaction rate constant, krel2 is the reaction rate constant relative to that in methanol,
ΔH‡ is the enthalpy of reaction and ΔS‡ is the entropy measured for the reaction [7].
Solvent k2 krel2 ΔH‡ ΔS‡
(l mol−1 s−1) (kJ mol−1) (K−1 J mol−1)
Methanol 1.01 × 10−5 1 95.0 -27.2
Propan-2-ol 1.33 × 10−4 13 93.9 -18.0
Acetonitrile 1.08 × 10−2 1069 77.4 -27.2
Propylene carbonate 2,21 × 10−2 2188 71.1 -42.2
N ,N -Dimethylacetamide 6.25 × 10−1 61881 70.3 -17.1
N -Methyl-2-Pyrrolidone 1.30 128713 61.5 -39.7
Table 2.4: Solvents studied for the reaction of 1-bromobutane and the azide ion [8]. εr is the
dielectric constant at 25 ◦C except where noted, k2 is the second-order reaction rate constant,
krel2 is the reaction rate constant relative to that in methanol and E‡ is the activation energy for
the reaction [8].
Solvent εr k2 krel2 E‡
(25 ◦C) (l mol−1 s−1) (kcal mol−1)
Methanol 32.6 8.61 × 10−6 1 21.18
Water 78.7 5.80 × 10−5 7 21.41
N -Methyl-Acetamide 183.0 7.35 × 10−5 9 20.10
Formamide 109.0 9.62 × 10−5 11 20.08
Ethylene carbonate 89.6 (40◦C) 1.48 × 10−4 17 16.40
Sulfolane 44.0 (30◦C) 3.24 × 10−3 376 15.36
Dimethyl Sulfoxide 48.9 (20◦C) 1.14 × 10−2 1324 16.91
Dimethylformamide 36.7 2.37 × 10−2 2753 16.45
Acetronitrile 36.7 4.32 × 10−2 5006 17.12
Hexamethylphosphoramide 30.0 (20◦C) 1.75 203252 13.40
S SCH3
HO
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Figure 2.9: The alkaline hydrolysis of the trimethylsulfonium ion to form methanol and di-
methylsulfide.
v) Campbell and Hogg [11] studied the second-order reaction of cyclohexene with 2,4-
dinitrobenzenesulphenyl halides in a various solvents with values displayed in Table 2.7.
The neutral reactants form a dipolar activated complex as shown in Figure 2.10. This
type of reaction favours more polar solvents as the activated complex is more stabilised
by more polar solvents. Another type of reaction similar to this, where a dipolar activ-
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Table 2.5: The alkaline hydrolysis of the trimethylsulfonium ion at 100 ◦C, where aqueous
ethanol is the volume percentage of ethanol in water, k2 is the second-order reaction rate constant
in l mol−1 min−1 and krel2 is the reaction rate constant relative to that in 100 % water [9].
Ethanolaq. k2 krel2
(EtOH % vol) (l mol−1 min−1)
0 0.002 1
60 0.091 41
80 1.067 481
100 44.50 20075
Table 2.6: The alkaline decomposition of triphenylsulfonium bromide with ethoxide ion in
aqueous ethanol at 120 ± 0.1 ◦C, where EtOH:H2O is the aqueous solvent composition of ethanol
to water in weight % and mol %, k2 is the second-order reaction rate constant in l mol−1 s−1
and krel2 is the reaction rate constant relative to that in water (98 %) [10].
EtOH:H2O k2 krel2
(w %) (mol %) (l mol−1 s−1)
6:94 2:98 2.90 × 10−6 1
38:62 16:84 7.80 × 10−5 27
46:54 27:73 2.95 × 10−4 102
61:39 40:60 5.73 × 10−4 198
81:19 64:36 1.39 × 10−3 479
90:10 80:20 5.34 × 10−3 1841
97:3 93:7 2.38 × 10−1 82069
98:2 95:5 7.60 × 10−1 262069
99:1 98:2 9.32 × 10−1 321379
ated complex is formed from neutral reactants, is the Menschutkin reaction which will
be discussed in further detail in Chapter 3. A few more examples of solvent effects on
dipolar transition-state reactions are shown in Section 2.3.1.
S δS
X
Ar Ar
X
δk2
35 °C
S
Ar
X
Figure 2.10: The reaction of cyclohexene with 2,4-dinitrobenzenesulphenyl halides, where X =
Br or Cl and Ar = an aryl group.
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Table 2.7: The reaction of cyclohexene with 2,4-dinitrobenzenesulphenyl bromide or chloride in
various solvents at 35.2 ◦C unless otherwise indicated [11]. ET(30) is Dimroth and Reichardt’s
solvent polarity parameter, k2 is the second-order reaction rate constant in l mol−1 sec−1 and
krel2 is the reaction rate constant relative to that in carbon tetrachloride.
Sulphenyl Bromide Sulphenyl Chloride
Solvent ET(30) k2 at 35 ◦C krel2 k2 at 35.2 ◦C krel2
(l mol−1 sec−1) (l mol−1 sec−1)
Carbon tetrachloride 32.5 2.40 × 10−5 (50 ◦C) 1 1.08 × 10−5 1
Benzene 34.5 1.57 × 10−3 7 - -
Chloroform 39.1 9.70 × 10−3 (25 ◦C) 404 6.53 × 10−3 605
Acetic Acid 51.9 3.49 × 10−2 1454 1.48 × 10−2 1370
Ethylenedichloride 41.9 - - 1.49 × 10−2 1380
Nitrobenzene 42.0 - - 3.02 × 10−2 2796
2.2.4.2 Solvent Effects on Reactions with an Isopolar Transition-State
Solvents do not have a great effect on isopolar transition-state reactions due to the nature of
charge distribution of the reactants and the activated complex which is very similar. Therefore
changing the reaction medium (solvent) or the substituents will have a comparatively small
effect on the rate of reaction. Pericyclic reactions are examples of this type of reaction and
they are made up of cycloaddition, sigmatropic, electrocyclic, or chelotropic reactions [5].
Two examples of this type of isopolar reaction and activated complex are shown below in the
form of a i) Diels-Alder reaction and ii) Cope Elimination reaction.
i) The Diels-Alder cycloaddition of isoprene and maleic anhydride is shown in Figure 2.11
with reactions rates for different solvents displayed in Table 2.8 [12].
O
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30 °C
Figure 2.11: The Diels-Alder cycloaddition of isoprene and maleic anhydride [12].
It can be seen from the values that the solvent does not have much of an effect on the
reaction rate because the activated complex is similar to the reactants in dipolarity.
From Figure 2.11 it can be seen that the activated complex is not much more dipolar
than the reactants in their initial state; a neutral product is formed from the neutral
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Table 2.8: A range of solvents for the reaction of the Diels-Alder cycloaddition of isoprene and
maleic anhydride [12]. εr is the dielectric constant at 25 ◦C taken from [12], krel1 is the reaction
rate constant relative to that in isopropyl ether at 30.3 ◦C, k1 are the second-order reaction
rate constants in l mol−1 s−1 at various temperatures in ◦C and Ea and A are the Arrhenius
parameters: the activation energy and the pre-exponential factor in kcal mol−1 and l mol−1 s−1
respectively.
εr krel1 105k1 (l mol−1 s−1) 105 Ea 105 A
Solvent 25 ◦C 0 30.3 60.3 100.3 ◦C (kcal mol−1) (l mol−1 s−1)
Isopropyl ether 4.3 1.0 - 5.01 43 411 14.2 8.7
Benzene 2.3 3.5 1.69 17.5 104 762 12.3 1.2
Anisole 4.3 5.0 2.59 25.2 166 1290 12.6 3.07
Chlorobenzene 5.6 5.0 2.36 25.2 143 1220 12.6 2.86
1,2-Dimethoxybenzene 4.5 6.2 - 31 215 - 12.7 4.4
m-Dichlorobenzene 5.0 6.6 - 33 230 - 12.5 3.43
Nitromethane 39.0 6.6 3.09 33.2 210 1330 12.3 4.6
Benzonitrile 26.5 6.8 3.17 34.3 223 - 13 8.03
Nitrobenzene 36.1 10.6 4.89 52.9 292 2220 12.3 3.41
o-Dichlorobenzene 7.5 13.3 7.62 66.7 367 2670 11.8 2.12
reactants in a single synchronous step [5]. Dienes and dienophiles may have a dipole
associated with them, which is incorporated into the product, but the dipole does not
increase or decrease during the reaction [5]. Another example of a Diels-Alder reaction
is the dimerisation reaction of cyclopentadiene to give endo-dicyclopentadiene which can
be found in Appendix A, Section A.2. Nevertheless Diels-Alder reactions are often cited
as examples of solvent effects and have been studied for this reason, with a few examples
shown in the Appendix A, Section A.2. This is due to the hydrophobic effects of water on
the non-polar reactants (the diene and the dienophile), which is reflected in the limited
ability of water to dissolve these reactants. Due to this effect, the hydrophobic organic
molecules are forced together in water, therefore increasing the rate of reaction [77].
ii) The Cope rearrangement of substituted 1,5-hexadienes is an example of a [3,3]sigmatropic
reaction which exhibits an isopolar activated complex. The rearrangement of 4,4-dicyano-
5-ethylhepta-1,5-diene, as shown in Figure 2.12, is an example of this. The rate of reac-
tion only changes by a factor of 3.8, as shown in Table 2.9, from the non-polar cyclohex-
ane to the extremely polar dimethyl sulfoxide (DMSO) [13]. Even though the reactant
contains two polar nitrile groups there is negligible charge separation on activation.
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Figure 2.12: The Cope rearrangement of 4,4-dicyano-5-ethylhepta-1,5-diene [13].
Table 2.9: A range of solvents for the reaction of the Cope rearrangement reaction of 4,4-
dicyano-5-ethylhepta-1,5-diene at 90 ◦C, taken from [13]. k1 is the first-order reaction rate
constant, krel1 is the reaction rate constant relative to that in cyclohexane-d12.
Solvent 105 k1 krel1
(s−1)
Cyclohexane-d12 1.12 1.0
Carbon Tetrachloride 1.43 1.3
Benzene 2.13 1.9
Dioxane-d8 2.29 2.0
Acetone-d6 2.43 2.2
Chloroform-d 2.6 2.3
1,2-Dichlorobenzene 2.65 2.4
Ethanol 2.72 2.4
Ethanol-d6 2.87 2.6
Methanol-d4 2.95 2.6
Acetonitrile-d3 3.05 2.7
Pyridine 3.1 2.8
HMPT-d18 3.18 2.8
DMF-d7 3.5 3.1
DMSO-d6 4.28 3.8
2.2.4.3 Solvent Effects on Reactions with a Free-Radical Transition-State
The final class of transition-state is of the free-radical type in which the activated complex is
formed either by atom-transfer reactions or through the creation of unpaired electrons during
radical pair formation [5]. Free radicals are formed from the oxidation, reduction or by the
homolytic cleavage of one or more covalent bonds. Radical-forming reactions are generally
insensitive to solvent effects as the activated complexes which produce neutral radicals exhibit
no charge separation. Two examples from the literature have been selected to demonstrate
the insensitivity of these type of reactions to solvents.
i) Ito and Matsuda [14] studied the free-radical addition reaction of 4-(dimethylamino)-
benzenethiyl radical to α-methylstyrene, as shown in Figure 2.13, in 39 solvents. The
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rates of addition decrease with increasing solvent polarity. There is a 35-fold rate ac-
celeration in going from dimethyl sulfoxide to cyclohexane as shown in Table 2.10. The
dipolar reactant, the thiyal radical (4.0 D) is more stabilised in polar solvents than the
less dipolar activated complex (2.6 D) as shown by the dipole moment [14]. This solvent
stabilisation of the thiyal radical has been proven by the strong positive solvatochromism,
as shown by the bathochromic shift of λmax with increasing solvent polarity in Table 2.10
[5].
SN
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C6H5
CH3
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δ δ SN
C6H5
CH3
C6H5
CH3 peroxy
radical
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+ O2
μ ≈ 4.0 D 
(13 x 10-30 C m)
μ  ≈ 2.6 D 
(9 x 10-30 C m)
Figure 2.13: The free-radical addition reaction of 4-(dimethylamino)-benzenethiyl radical to
α-methylstyrene [5, 14].
ii) The decomposition of dibenzoyl or diisobutyryl peroxide was studied in 14 and 17 solvents
respectively with first-order reaction rate constants displayed in Table 2.11 [15, 16] and
Table 2.12 [17, 18] respectively. Dissociation of the diacyl radical leads to two independ-
ent radical dipoles as shown in Figure 2.14. As the dipole separation occurs on activation,
the activated complex is better solvated with increasing solvent polarity, where the reac-
tion rate increases with increasing solvent polarity. For the decomposition of dibenzoyl
peroxide radical the reaction rate only increases ∼5-fold from the non-polar p-xylene to
the dipolar aprotic ethyl acetate [15, 16] and the same can be seen for the decomposition
of diisobutyryl peroxide whereby there is an even greater increase of ∼21-fold in the rate
from the non-polar isooctane to the polar acetonitrile [17, 18].
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Table 2.10: Absorption Maxima (λmax) of 4-(dimethylamino)-benzenethiyl radical, addition
reaction rate constants (k2) to α-methylstyrene for various solvents at 23 ◦C and the reaction
rate constant relative to that in dimethyl sulfoxide (krel2 ) [14].
Solvent λmax 103 k2 krel2
(nm) (l mol−1 min−1)
Dimethyl Sulfoxide 665 2.4 1.0
N ,N -Dimethylformamide 660 2.6 1.1
Acetonitrile 660 4.1 1.7
Pyridine 660 4.3 1.8
N -Methylformamide 660 4.3 1.8
Benzonitrile 655 4.5 1.9
Tetrahydrofuran 635 5.3 2.2
1,2-Dichloroethane 650 5.3 2.2
Ethyl Benzoate 645 6.6 2.8
Ethanol 635 6.6 2.8
Anisole 645 7.2 3.0
Ethyl Acetate 630 7.2 3.0
o-Dichlorobenzene 645 8.4 3.5
Fluorobenzene 630 9.0 3.8
Chloroform 640 9.6 4.0
Dioxane 635 10.2 4.3
Butylamine 625 10.2 4.3
3-Pentanol 635 10.8 4.5
Trichloroethane 625 13.8 5.8
Toluene 630 15.0 6.3
Ethylbenzene 625 15.0 6.3
Benzene 625 16.2 6.8
1,3,5-Trimethylbenzene 625 17.4 7.3
Dibutylamine 615 20.4 8.5
Carbon Disulfide 630 30.0 12.5
Triethylamine 605 31.8 13.3
Tributylamine 605 35.4 14.8
Carbon Tetrachloride 605 45.0 18.8
Cyclohexane 595 84.0 35.0
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Figure 2.14: The decomposition of diisobutyryl or dibenzoyl peroxide where R = (-CH-(CH3)2)
or (-C6H5) respectively.
Table 2.11: First-order reaction rate constants (k1) and the reaction rate constant relative to
that in p-xylene (krel1 ) for the decomposition of the dibenzoyl peroxide radical in various solvents
at 80 ◦C taken from [15] except where noted from [16].
Solvent 103 k1 krel1
(min−1)
p-Xylene [16] 1.05 1.0
Ethylbenzene [16] 1.11 1.1
Cyclohexene 1.16 1.1
Isopropylbenzene [16] 1.17 1.1
Carbon Tetrachloride 1.25 1.2
Benzene 1.97 1.9
Toluene 1.97 1.9
Nitrobenzene 1.97 1.9
t-Butylbenzene 1.97 1.9
Ethyl Iodide 2.42 2.3
Cyclohexane 3.82 3.6
Acetic Anhydride 4.50 4.3
Acetic Acid 4.88 4.7
Ethyl Acetate 5.38 5.1
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Table 2.12: First-order reaction rate constants (k1) and the reaction rate constant relative
to that in isooctane (krel1 ) for the decomposition of the diisobutyryl peroxide radical in various
solvents at 40 ◦C, taken from [17] except where noted from [18].
Solvent 10−2 k1 krel1
(min−1)
Isooctane 1.92 1.0
Cyclohexane 2.70 1.4
Nujol [18] 2.78 1.4
Cyclohexane [18] 2.82 1.5
Chloroform 4.50 2.3
Carbon Tetrachloride 4.68 2.4
Fluorobenzene 7.38 3.8
p-Xylene 8.40 4.4
Toluene 8.52 4.4
Chlorobenzene 10.38 5.4
Tetrahydronapthalene 10.50 5.5
Benzene 14.16 7.4
Benzene [18] 14.28 7.4
t-Butyl Alcohol 15.06 7.8
Isopropyl Alcohol 18.30 9.5
Benzonitrile 25.20 13.1
Nitrobenzene 34.80 18.1
Acetonitrile [18] 40.86 21.3
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2.3 The Prediction of Solvent Effects on Reactions
The main challenges when predicting solvent effects on reactions and reaction kinetics are
the trade-offs between accuracy and computational efficiency and the applicability of the
method employed to the case study. The methods available for predicting the effects of
solvents on reactions include the Hughes-Ingold Rules and multiparameter methods such
as the solvatochromic equation and computational chemistry methods. The Hughes-Ingold
Rules will be discussed in Section 2.3.1, the solvatochromic equation will be discussed in
Section 2.3.2 however the computational methods will not be discussed here.
2.3.1 Hughes-Ingold Rules
The first qualitative solvation model was proposed by Hughes and Ingold to study solvent ef-
fects on unimolecular and bimolecular substitution and elimination reactions [155–157]. This
method uses purely electrostatic interactions between the reacting species and the solvent
molecules in the initial and transition states, and interactions between ions and dipolar mo-
lecules to determine solvent effects [155]. The Hughes-Ingold rules for the effects of solvents
on chemical reactions are based on the equilibrium solvation of the activated complex. The
reaction outcome depends on the state (whether it is charged or neutral) of the reacting
species and how they interact with a given solvent. It should also be noted that a change in
solvent can not only affect the rate of reaction but also the reaction mechanism [5].
The Hughes-Ingold rules for determining the effects that solvents will have on the rate of
reaction are as follows [155–157]:
1. “An increase in solvent polarity will increase the rates of reaction when the charge
density is greater in the activated complex than in the initial reactant(s).” This rule
also applies to reactions with a dipolar transition-state as shown in Subsection 2.2.4.1.
An example of this is the SN1 solvolysis of 2-chloro-2-methylpropane where the rate of
reaction is ∼335,000 times faster in water than in the less polar solvent ethanol, as can
be seen in Table 2.13, [19, 158]. This is because there is a large build up of charge in
the activated complex compared to the reactants. Therefore, more polar solvents will
stabilise this charge and consequently increase the rate of reaction.
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Figure 2.15: Solvolysis of 2-chloro-2-methylpropane.
Table 2.13: A range of solvents for the reaction of the solvolysis of 2-chloro-2-methylpropane
at 25 ◦C, taken from [19]. k1 is the first order reaction rate, krel1 is the reaction rate constant
relative to that in ethanol, εr is the relative permittivity (dielectric constant), ET(30) is an
empirical parameter for the measurement of solvent polarity and ENT are the normalised empirical
parameters values of solvent polarity [4, 5].
Solvent 105k1 krel1 εr ET(30) ENT
(s−1) (kcal mol−1)
Ethanol 0.00860 1 24.55 51.9 0.654
Methanol 0.0753 9 32.66 55.4 0.762
Formamide 3.73 434 109.50 55.8 0.775
Formic Acid 105 12209 57.2 54.3 0.728
Water 2880 334884 78.36 63.1 1.000
2. “An increase in solvent polarity will decrease reaction rates when the charge density
is lower in the activated complex than in the initial reactant(s).” This rule again also
applies to reactions with a dipolar transition-state as shown in Subsection 2.2.4.1.
An example of this is the Finkelstein halide exchange between iodomethane and ra-
dioactive labelled iodide ion; equation (2.13). The rate of reaction decreases as the
solvent polarity increases as shown in Table 2.14, due to the lower charge density of the
activated complex compared to the reactants. The rate of reaction increases ∼13,000
times when using acetone over water, showing that this reaction also favours dipolar
aprotic solvents over polar protic solvents.
CH3I + ∗I	 
 [∗Iδ⊕ ∙ ∙ ∙ CH3 ∙ ∙ ∙ Iδ	]‡ −→ CH3 ∗I + I	 (2.13)
3. And finally, “a change in solvent polarity will have little or no effect on the rates of
reaction that involve little or no change in the charge density from the reacting mo-
lecules to the activated complex.” This rule also applies to reactions with an isopolar
transition-state as shown in Subsection 2.2.4.2. Examples of this, which have been
shown previously are: the Diels-Alder cycloaddition reaction of isoprene and maleic an-
hydride shown in Figure 2.11, the Diels-Alder dimerisation reaction of cyclopentadiene
2. Background 85
Table 2.14: A range of solvents for the reaction of iodomethane and radioactive labelled iodide
ion at 25 ◦C, taken from [20, 21]. k2 is the second order reaction rate constant, krel2 is the reaction
rate constant relative to that in water, εr is the relative permittivity (dielectric constant), ET(30)
is an empirical parameter for the measurement of solvent polarity and ENT are the normalised
empirical parameters values of solvent polarity [4, 5].
Solvent k2 krel2 εr ET(30) ENT
(l mol−1 min−1) (kcal mol−1)
Water 4.85×10−4 1 78.36 63.1 1.000
Methanol 7.39×10−2 16 32.66 55.4 0.762
Ethylene Glycol 6.32×10−2 17 37.70 56.3 0.790
Ethanol 2.11×10−2 43.5 24.55 51.9 0.654
Acetone 6.3 12990 20.56 42.2 0.355
to give endo-dicyclopentadiene shown in Appendix A, Section A.2 and the Cope elim-
ination reaction in Figure 2.12.
2.3.2 The Solvatochromic Equation
To obtain quantitative predictions of the effects of solvents on chemical reactions, one cannot
solely rely on a single physical or chemical property such as polarity. Due to many different
interactions it is difficult to determine a universal theoretical approach to predicting solvent
effects. Chemometrics is the term used to extract statistically relevant data out of measured
chemical data and to display this information [159]. The method predominately used is
based on the experimental collection of reaction rates or equilibrium constants in different
solvents which are related to the Gibbs free energy of activation or reaction. These data
can be collected by methods such as infrared, UV-vis (ultraviolet-visible), NMR (nuclear
magnetic resonance), electromagnetic spectroscopy, or calorimetry [78]. The data collected is
normally linearised on a logarithmic scale to determine the relationships between the property
of interest and each solvent property. This results in a linear free-energy relationship (LFER).
A form of the equation is given by
Z = Z0 + y ∙ Y + p ∙ P + e ∙ E + b ∙B , (2.14)
where Z corresponds to the solvent-dependent physicochemical property in a specific solvent
(for example log k, log K, the logarithm of the reaction rate constant or the equilibrium con-
stant respectively), Z0 is a regressed constant, Y and P measure polarity and polarisability
respectively, E and B are specific solvent parameters, which corresponds to how electrophilic
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or nucleophilic a solvent is, and y, p, e, and b are regression coefficients that describe the
sensitivity of Z to the parameters.
The solvatochromic equation was first proposed by Kamlet, Taft and co-workers [55, 160–
164]. It is an example of a linear free energy relationship, and is a multivariate statistical
method that incorporates chemical, physical and specific interactions of a solvent. It is based
on the multiple linear regression analysis developed by Koppel and Palm [165, 166], but it
is a more comprehensive empirical method as it incorporates the solvent-solute specific and
non-specific interactions. It is usually written as,
XY Z = XY Z0 + s(π∗ + dδ) + aα+ bβ +
hδ2H
100 (2.15)
where XY Z is the logarithm of the reaction rate (log k) or equilibrium constant (log K), free
energy of solution etc and α, β, π∗ are the Kamlet-Taft solvatochromic parameters [53–55]. α
is the solvent hydrogen bond donor acidity, β is the solvent hydrogen bond acceptor character
and π* is the solvent polarity or polarisability, δ is a ‘polarisability correction term’, δ2H is
a measure of the solvent-solvent interaction – the cohesive energy density, s, d, a, b and h
are coefficients, independent of the solvent being studied, and they are obtained by linear
regression.
The “solvent” parameters (α, β, π*) in Equation (2.15) can be replaced with “solute” para-
meters (A, B, S) to form [121, 124, 163]:
log k = log k0 + sS + dδ + aA+ bB +
hδ2H
100 . (2.16)
These parameters (A, B, S) rely solely on the solvent, meaning that once the coefficients
have been regressed, one can predict reaction rate constants for the reaction of interest in
a solvent where no experimental data exists. The solvatochromic equation has previously
been used successfully to correlate the Gibbs free energies of transfer from gas to solvents
of tetramethyl- and tetraethylammonium chloride, bromide and iodide ion-pairs [167]. It
has also been used to correlate water-octanol partition coefficients [168]. In terms of solvent
effects on reactions, the solvatochromic equation has been successfully used by many. A few
examples are:
• Abraham et al. [160–162] successfully quantified solvent effects on the solvolysis and
dehydrohalogenation of t-butyl halides;
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• Cativiela et al. [169] used it to study the reaction rate, endo and exo regio– and
diastereo–facial selectivities of several Diels-Alder reactions in a series of fluorinated
alcohol-water mixtures;
• Welton et al. [77], studied the selectivity, reactivity and solvent effects of ionic liquids
on the Diels-Alder reaction of cyclopentadiene with three dienophiles (acrolein, methyl
acrylate and acrylonitrile);
• Ford et al. [170] investigated the suitability of gas-expanded liquids (specifically CO2-
expanded acetonitrile) as solvents for the Diels-Alder reaction of anthracene and 4-
phenyl-1,2,4-triazoline-3,5-dione (PTAD) and accurately correlated kinetic rate data
with the solvatochromic equation (2.15) which provided quantitative insight into the
specific molecular interactions taking place;
• Folic´ et al. [121] implemented the solvatochromic equation (2.16) in a CAMD optim-
isation approach to design solvents in the study for the solvolysis of t-butyl chloride
[121],
(CH3)3CCl←→ (CH3)3C+...Cl−(CH3)3C+|Solv|Cl− −→ Products , (2.17)
where the optimal solvent determined was glycerol, which matched well with the ex-
perimental data;
• Folic´ et al. [124] implemented the solvatochromic equation (2.16) in a CAMD optim-
isation approach to design solvents in the study of a Menschutkin reaction of tri-n-
propylamine with methyliodide,
(C3H7)3N+CH3I CH3(C3H7)3N+ + I− , (2.18)
where the optimal solvent class found to be dinitrates for maximising the reaction rate
constant;
• Adjiman et al. [171] studied the effects of 8 solvents on a Grubbs II catalysed ring closing
metathesis reaction of diethyl diallylmalonate (diene) to form the products cyclopentene
and ethylene. From the estimated reaction rate constants, solvatochromic coefficents
were regressed to gain insight into solvent effects on this reaction. It was found that
using solvents with high hydrogen bond acidity, A, for example acetic acid, increased
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the product formation and using solvents with high polarisability, S, best suppressed
deactivation, indicating that dichloromethane is a good choice of solvent for ring-closing
metathesis reactions [171];
The solvatochromic equation (2.16) will be implemented in this thesis to attempt to identify
correlations between the experimental effects observed and the solvent properties. More
accurate alternatives to modelling solvent effects and reaction kinetics exist, a few examples
of these are; Molecular Dynamics (MD), Quantum Mechanics (QM), Quantum Mechanics /
Molecular Mechanics (QM/MM) and reactive Monte Carlo (MC). However, these approaches
are more expensive and beyond the scope of this thesis. The reader is referred to the work
of Santiso and Gubbins [172] for a comprehensive review on these approaches.
2.4 Experimental Techniques for Reaction Monitoring
To monitor a reaction an experimental technique must first be chosen, with the ultimate
aim being to have concentration as a function of time data. The concentration-time data
would have been measured directly or transformed from a physical or chemical component,
for example; the change in absorbance, volume, pressure or conductivity data. There are
numerous experimental methods for accurate monitoring of reaction kinetics and these can
be either by ex situ or off-line methods or in situ techniques.
Conventional chemical techniques for following reactions rates are generally by ex situ meth-
ods and can be used to monitor reactions for hours, days, weeks to months. This is usually
the case where a reaction is carried out in a batch reactor and at regular timed intervals;
a sample is taken, quenched, then worked-up and purified if need be. Then using a spe-
cific technique, these samples can be analysed and reaction rates determined. The possible
choices of ex situ techniques are titration, chromatographic methods including high perform-
ance liquid chromatography (HPLC) or gas chromatography (GC); spectroscopic techniques
including IR, UV-Vis or NMR methods. Concentration determination is either done using a
calibration curve of reactants or products or a combination of both, or quantification using an
internal standard. Analysis of the concentration-time data is done using one of the methods
laid out in Section 2.5.
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To continuously monitor reactions the use of in situ methods is most advantageous. This
is where there is an internal probe in the reaction mixture to monitor the change in a cer-
tain phenomena. Some examples of experimental analytical techniques to monitor reaction
kinetics are by dilatometry where the change in volume can be monitored at constant tem-
perature; barimetry where the pressure change can be monitored when volatile products are
formed (this is often used for polymerisation reactions); potentiometry to measure the redox
potential of ions, this is similar to conductimetry which will be discussed in more detail in
Appendix B; polarimetry to measure the optical activity of molecules and hence the rate of
racemisation of chiral enantiomers, e.g. R to S or S to R; mass spectrometry to determine
the mass of compounds. This last technique is especially useful for isotopically labelled com-
ponents [173]. Some ex situ techniques can be modified to allow in situ data collection such
as infrared spectroscopy (IR), reaction calorimetry, nuclear magnetic resonance spectroscopy
(NMR), electrical conductance and ultraviolet-visible spectroscopy (UV-Vis).
Much information can be elucidated from chemical reactions, and sometimes important data
can be missed and the quality of the data collected can be compromised when using con-
ventional ex situ techniques. Therefore the use of in situ techniques can help to overcome
many drawbacks of ex situ techniques such as: the lack of precision of timing when samples
are taken; the skewing of results due to the quench which can be with the use of another
reagent, e.g. addition of an acid to neutralise a reaction, dilution using the solvent or by
cooling the reaction down if carried out at high temperature; removal of a catalyst; and the
loss of material from the work-up method. Reactions can be continuously monitored with
time and spectra collected accordingly for reaction time scales of minutes, hours or day(s).
The experimental techniques that are reviewed in Appendix B are the most commonly used
analytical techniques to study reaction kinetics. 1H NMR spectroscopy will be used in this
thesis and is presented here.
NMR is concerned with the nuclear spin of atoms, as all subatomic particles (protons, neut-
rons and electrons) contain a charge. From Quantum Mechanics it is known that the number
of possible orientations of the spin of a nucleus, is equal to
2I + 1 , (2.19)
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where I is the overall spin of a nucleus. For example hydrogen has a nucleus with spin equal
to 12 and therefore has two possible orientations. These orientations are of equal energy in the
absence of an external magnetic field. When a magnetic field is applied (e.g. from a NMR)
these energy levels (m) split as shown in Figure 2.16. The energy levels, are populated by
Figure 2.16: Energy levels for a nucleus with spin quantum number 12 .
nuclei, as described by thermodynamics, the Boltzmann distribution. The lower energy level
contains more nuclei than the higher energy level. A radio frequency (r.f) pulse is applied
and the nuclei are excited to the higher energy level; stopping the pulse ensures the nuclei
return to their original state and this return to thermal equilibrium is known as relaxation.
It is this relaxation that is measured, which is fourier transformed to give a NMR spectrum.
NMR is used as an everyday tool to elucidate the chemical composition and structure of
unknown samples. NMR has many uses and one of these can be to monitor reactions in situ.
The progress of a reaction can often be seen clearly from the signals and the reactants or
products can normally be distinguished with ease. NMR spectroscopy allows the continuous
monitoring of reactions with very precise measurements and accuracy as very small quant-
ities can be used. The small quantities can actually be a challenge because a small error in
measurement equates to a relatively large error. Quantitative kinetic data can be obtained
from the spectra as the peaks are proportional to the number of atomic nuclei present, and
from this the concentration can be determined [22]. Deuterated solvents are used so that the
solvent peak in the spectra will be vastly reduced due to the invisibility of the deuterated
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nuclei, therefore increasing signals of the components which are of interest to the user. NMR
does have disadvantages, in that it can be difficult to quantify peaks if they overlap with
another, especially if the reactants and products have similar chemical structures and the
cost of the deuterated solvents can be high if they are not commonly used.
The most common nucleus used in NMR spectroscopy is hydrogen (1H) as it is found in
most organic species and it has a high natural abundance and short relaxation times. An
alternative option to this is other heteroatoms which can be followed with NMR spectro-
scopy. However, these nuclei normally have a higher spin (greater than spin 12), so they have
disadvantages such as poor sensitivity due to low natural abundance and gyromagnetic ratio,
and long relaxation times which can make gathering quantitative kinetic data difficult if the
reaction being followed is fast.
This technique has been used successfully by Chan et al. [22], who followed many reactions
using 79Br NMR and followed the liberation of the bromide ion by comparing these pseudo
first-order reaction rate constants to ones gained for 1H NMR. The reaction under invest-
igation was a Menschutkin reaction with different substituted benzyl bromides (∼ 0.05 mol
l−1) and pyridine (∼ 0.50 mol l−1) in acetonitrile (for reaction scheme cf. Figure 2.17). A
table of the reaction rate constants are shown in Table 2.15. Chan et al. [22] proved that
using quadrupolar nuclei is a valid approach for chemical kinetics if a clear proton shift is not
available. They did this by comparing results for 1H and 79Br NMR which yielded the same
pseudo first-order reaction rate constant with less than ∼1 % error. However, using quadru-
polar nuclei may not be feasible if the nuclei have long relaxation times and the reaction is
fast. If the nuclei are not fully relaxed, then the data acquired will not be quantitative, and
so not useful for kinetic analysis.
Br
X
N
X
N Br
Figure 2.17: The Menschutkin reaction of X-substituted benzyl bromides with pyridine in
acetonitrile to form benzylpyridium bromides.
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Table 2.15: Pseudo first-order reaction rate constants for the reaction of substituted benzyl
bromides with pyridine in acetonitrile at 25 ◦C, monitored with 1H and 79Br NMR spectroscopy
[22].
Subst.
Reactant (X) kobs (s−1) for 1H kobs (s−1) for 79Br
Benzyl bromide -H 3.7 ± 0.2 × 10−4 3.7 ± 0.1 × 10−4
4-Methylbenzyl bromide -CH3 6.9 ± 0.4 × 10−4 6.2 ± 0.6 × 10−4
4-Methoxybenzyl bromide -OCH3 2.2 ± 0.1 × 10−3 2.3 ± 0.3 × 10−3
4-Chlorobenzyl bromide -Cl 3.4 ± 0.2 × 10−4 3.3 ± 0.3 × 10−4
4-Nitrobenzyl bromide -NO2 2.2 ± 0.1 × 10−4 2.2 ± 0.1 × 10−4
To successfully monitor reactions kinetically by NMR spectroscopy and to ensure that the
data being collected is quantitative T1 (spin-lattice) relaxation times must be measured. T1
is the rate at which nuclei relax back to thermal equilibrium after they have been pulsed by
an appropriate radio frequency (r.f). To ensure that the data being collected is quantitative
one must wait at least 5 × T1 for 99 % signal recovery, or even 4 × T1 for 98 % [174]. This
means that waiting at least 5 × T1 for 99 % signal recovery ensures that 99 % of nuclei in
the sample have relaxed back to thermal equilibrium, with all values displayed in Table 2.16.
Table 2.16: T1 (spin-lattice) relaxation times in seconds and the signal recovery (%) of the
nuclei having relaxed back to thermal equilibrium, after an appropriate radio frequency has been
applied.
T1 Signal
(sec) Recovery (%)
1 63
2 86
3 95
4 98
5 99
2.5 Techniques for Data Analysis of Reaction Kinetics
A fundamental problem in reaction kinetics is determining how the rates of reactions depend
on concentration of the reacting components. There are various methods which can be
employed to deal with this problem and these will be discussed accordingly. The eight
methods discussed in this section are as follows: the Differential method, Section 2.5.1;
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the method of Initial Rates, Section 2.5.2; the Integral method, Section 2.5.3; the Isolation
method Section 2.5.4; the Half-life method, Section 2.5.5; the Guggenheim method Section
2.5.6; Reaction Progress Kinetic Analysis, Section 2.5.7; and finally Parameter Estimation in
Section 2.5.8. The first six methods listed are traditional methods and the last two are more
modern methods of analysis. There is also a short summary at the end of this Section 2.5.9
comparing the different methods of data analysis and what method(s) have been chosen for
this thesis.
2.5.1 The Differential Method
The differential method is the determination of reaction rates by the measurement of the
slope of a curve of a concentration-time graph, first suggested by van’t Hoff in 1884 [175].
This is done at various concentrations [A] of a reactant A, with other reactants in excess,
and for a unimolecular reaction if the reaction has an order n with respect to A, then
r = −d[A]
dt
= k[A]n , (2.20)
where r is the rate of reaction, [A] is the concentration of A, t is the time, k is the reaction
rate constant and n is the order of reaction. A plot of ln r against ln [A] will give a straight
line with a slope of n and the intercept is ln k. If a straight line is not obtained, then the
reaction does not have an order of n with respect to that particular reactant [106].
2.5.2 The Method of Initial Rates
The method of initial rates is another differential method used to determine reaction rate
expressions. The method involves many initial rate measurements of different initial concen-
trations, but the reaction time is restricted to very small conversions of the limiting reagent
of ∼5-10 % or less [176]. This method differs from the technique discussed previously, as
well as those yet to be presented, in that much lower conversions are used, and each rate
measurement involves a new separate experiment [176]. The advantages to using the initial
rates method are: many reactions can be performed quickly and successively as one does not
have to wait for the reaction to finish; complex rate functions that are difficult to integrate
can be managed in a more simple form [176]; reverse reactions can be neglected and only the
forward reaction is focused on [176]; as limited amounts of product are formed, they will not
interfere with data collection, so if a product precipitates or has an inhibiting effect this will
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be ignored [177]. However, this method has disadvantages such as the reaction does not go
to completion, so the kinetics for the entire reaction are not known or fully understood and
the accuracy is limited as it is very sensitive to errors in the initial slope.
In an initial rates study, the reaction rate can be determined by measuring the initial slopes,
and corresponding these to initial slopes of concentration as a function of time curves, and
by measuring the initial slope as a fractional conversion (1 / a) against time, and using an
appropriate equation to determine the reaction rate [176]. If the rate law of a given reaction
is [176, 177],
r = −1
a
d[A]
dt = k[A]
α[B]β (2.21)
then the initial rate at a constant volume and pressure r0 will be,
r0 =
(
−1
a
d[A]
dt
)
t=0
= k[A]α[B]β (2.22)
For the initial rates method a variety of initial different concentrations will be used, and
values of k, α, β, etc., can be determined directly using equation (2.22) [176]. To determine
the order of the reaction, a rate measurement can be made where only the concentration of
one component changes and all others are held constant. Hence, if this is done for every
species in the reaction mixture, it is possible to determine the order for every species in the
reaction mixture [176]. Alternatively, a double-logarithmic plot of equation (2.22) for each
component can also be used to determine the order of each species, and also to validate the
previous method, the Differential method, Section 2.5.1.
2.5.3 The Integral Method
Integral methods are used when data are available for concentration as a function of time.
The time dependence can be compared with the appropriate rate laws. The integrated rate
equations are applied to the kinetic (concentration-time) data usually by graphical means,
and this is repeated until the most optimal fit is obtained [23].
To determine the order of a reaction in constant volume systems for a [23, 106, 176]:
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Table 2.17: Integrated rate equations, adapted from [23].
Order Reaction Rate law Integrated rate equation
0 A → P −dA/dt = k A−A0 = −kt
1 A → P −dA/dt = kA ln A/A0 = −kt
2 2A → P −dA/dt = kA2 1/A = 1/A0 = kt
A + B → P −dA/dt = kAB 1A0−B0 ln B0A0 AB = kt
A + 2B → P −dA/dt = kAB 1B0−2A0 ln B0A0 AB = kt
3 A + B → P −dA/dt = kA2B 1B0−A0 ( 1A − 1A0 ) +
( 1B0−A0 )
2 ln B0A0
A
B = kt
• Zero-order : a graphical plot of [A] versus time will give a linear result with a slope of
−k and an intercept equal to ln [A]0, where [A]0 is the initial concentration of reactant
A at time zero;
• First-order : a plot of ln [A] versus time will yield a straight line with the slop of −k;
• Second-order : a type I reaction where the rate is proportional to the square of a single
reacting species, where a plot of 1/[A] against time should give a linear plot with the
slope equal to the reaction rate constant k and the intercept will be 1/[A]0;
• Second-order : a type II reaction where the concentrations of A and B are not equal,
a plot of ln [B]/[A] (where [B] is the reagent in excess) against time will also yield a
straight line with a slope of ([A]0 - [B]0)k and the y intercept will be ln [B]0/[A]0.
If none of these graphical plots result in a straight line, then more complicated reaction rate
laws must be employed or alternatively, the method of nonlinear parameter estimation can
be used which will be discussed in Section 2.5.8.
2.5.4 The Isolation Method
This technique is used to simplify the rate law to be able to determine the concentration
dependence of a single reactant in a reaction. Once this has been accomplished, other more
reliable methods are used to determine the reaction orders, for example integral or differential
methods [176]. This is accomplished by having all reactants present, except one in excess, so
that their concentration remains essentially constant throughout the course of the reaction
[178]. For example, for the reaction
A + B→ C (2.23)
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where A is the isolated reactant, B is the one in excess with a concentration 100 times greater
than A. When all of A has been consumed, the concentration of B will only have changed
1/100 or 1 %, and so 99 % of B is still present. Therefore the concentration of B can be treated
as constant throughout the reaction. This is also known as pseudo-nth-order reactions.
2.5.5 The Half-life Method
The half-life t1/2 of any reaction is defined as the time required for a given reactant to reach
half-way between its original and final concentration values [106]. The value of the half-life
generally depends on the reactant concentrations, and it is always inversely proportional to
the reaction rate constant [106]. A series of successive half-lives are measured from t=0 as the
reaction start time, the first half-life measured is t1/2(1), then this half-life is used to measure
the second half-life of t1/2(2) and so on.
For a [106]:
• Zero-order reaction:
t1/2 =
CA0
2k (2.24)
successive half-lives will decrease by a factor of two as t1/2(1) for the initial starting
concentration of A is 12 [A]0, 50 %.
• First-order reaction:
t1/2 =
ln 2
k
(2.25)
t1/2 is constant for a first-order reaction as there is no dependence on the half-life of
concentration.
• Second-order reaction:
t1/2 =
1
k[A]0
(2.26)
For a second-order reaction the half-life is inversely proportional to the initial reactant
concentration, which means the successive half-lives will double. This can be understood
with the following example [106]: in a reaction, one reagent is in excess of the other
reagent by 10 times. When the half-life is reached, ten times of it will have been be
consumed; however, the reaction is proceeding 102 (100 times) as fast, therefore it takes
one tenth (1/10) of the time.
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2.5.6 The Guggenheim Method
When monitoring a reaction, the final concentrations or values of a physical parameter values
(infinity value) might be unknown. This is especially true if the reaction under investigation
takes a long time (e.g. days, weeks or months), for example to approach within one percent
of the infinity value usually means the value after 8-10 half-lives [173]. To determine reaction
rate constants for first-order or pseudo first-order reactions the Guggenheim [179] method of
analysis can be efficient where the infinity value is unknown. The method has been applied
by Barnard and Smith [39] to determine second-order reaction rate constants for the Mens-
chutkin reaction of phenacyl bromide and pyridine using pseudo-first order kinetics.
An expression to describe a first-order reaction at any time (t) is written as follows [23, 176,
179, 180],
(X∞ −Xt) = (X∞ −X0)e−kt, (2.27)
where X is the concentration, or any measured physical parameter, X∞ is the infinity value
of X, Xt is a measured value at any give time, X0 is the initial value and k is the reaction
rate constant.
For the same reaction at a later time where Δ is a constant time interval, (Δ must be at
least two or three times the half-life of the reaction)
(X∞ −Xt+Δt) = (X∞ −X0)e−kt+Δt, (2.28)
Subtraction of equation (2.27) from equation (2.28) gives
(Xt+Δt −Xt) = (X∞ −X0)e−kt(1− e−kΔt), (2.29)
Taking logarithms gives,
ln(Xt+Δt −Xt) = −kt+ ln[(X∞ −X0)(1− e−kΔt)], (2.30)
where ln[(X∞ −X0)(1− e−kΔt)] is a constant and can be replaced with c,
ln(Xt+Δt −Xt) = −kt+ c. (2.31)
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Therefore a graphical plot of ln (Xt+Δt −Xt) versus time should yield a straight line curve
with a slope which is equal to the reaction rate constant −k.
2.5.7 Reaction Progress Kinetic Analysis (RPKA)
Due to modern advances in experimental and computing techniques, vast amounts of kin-
etic data can be extracted from reactions and analysed. Reaction progress kinetic analysis
(RPKA) is a methodology that utilises this vast collection of data obtained from a few ex-
periments with continuous in situ monitoring over the course of a reaction [181]. The RPKA
methodology requires:
1. an in situ way of collecting continuous and accurate experimental data and
2. a computational way to manipulate the experimental data.
To understand the basis of RPKA the simplest way is by using a bimolecular reaction as an
example;
A+B → C +D. (2.32)
The rules for how the concentration of A (CA), and the concentration of B (CB), change over
time relate to the reaction stoichiometry where,
moles of A consumed = moles of B consumed.
The concentrations of A and B relate to each other by the quantity named “excess” (Cxs - in
units of molarity). The “excess” (Cxs) relates to the difference in concentration of reactant
A and B:
Cxs = CB0 − CA0 . (2.33)
The “excess” (Cxs) remains constant throughout a reaction; when one mole of A is consumed
to make one mole of product (P), one mole of B is also consumed;
CB = Cxs + CA. (2.34)
To determine the experiments that need to be carried out, one must first decide upon the
concentrations. These are chosen based on the need to fulfil the ‘same’ and ‘different’ excess
requirements. In same-excess experiments, the excesses in two experiments are equal, this
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can be seen in Table 2.18, if one chooses to analyse experiments 1 and 3 with an excess
0.1 (units of concentrations). Same-excess experiments can be used to determine whether
product inhibition and catalyst deactivation occur [181]. Different excess experiments, as
shown by experiments 1 and 2 in Table 2.18, allow the determination of concentration de-
pendence and they are used to establish the reaction rate law [181].
Table 2.18: A set of example concentrations (in units of concentration) to fulfil the same and
different excess requirements for RPKA.
CA0 CB0 Cxs0
1 0.1 0.2 0.1
2 0.2 0.4 0.2
3 0.3 0.4 0.1
The advantages of using RPKA are the fewer experiments that can be employed, and the vast
wealth of information gathered from such few experiments, as all experimental data are used
as opposed to just the initial values or rate. Therefore, if something unusual happens after
this time, this can be identified and the rate laws will show this. Essentially, as the whole
reaction is observed, the data extracted are applicable to the whole course of the reaction,
not just the beginning of the reaction. This method also saves the experimentalists time.
One limitation is that the reaction must reach full conversion or how far the reaction has
progressed must be known. The method of fractional conversion is used as described earlier
in Equation (2.22).
2.5.8 Parameter Estimation
Determining accurate variables (parameters) from the fitting of the model-based calculated
values to a set of experimental measurements is known as parameter estimation or the model
fitting problem [182]. The problem can either be a linear or non-linear problem; in a linear
estimation problem the model equations are linear functions of the parameters, and in a
nonlinear problem the model equations are nonlinear functions of the parameters [182].
One method for estimating parameters is that of maximum likelihood estimation. In a max-
imum likelihood parameter estimation problem, the objective is to find the values of the
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model parameters (e.g. reaction rate constant) that are most likely to be the true values of
the parameters [182], given experimental data and an estimated error. By assuming Gaussian
measurement errors, with zero means and standard deviations (σ2ijk), the maximum likeli-
hood function can be represented by the following general objective function (Φ) given in
equation (2.35) [183];
Φ = N2 ln (2π) +
1
2 minθ

NE∑
i=1
NVi∑
j=1
NMij∑
l=1
[
ln (σ2ijl) +
([z˜]ijl − [z]ijl)2
σ2ijl
] , (2.35)
where N is the total number of measurements taken during all the experiments, θ is a vector
for the set of parameters to be estimated, NE is the number of experiments performed, NVi
is the number of variables measured in the ith run, NMij is the number of measurements for
the jth variable in the ith run, [z˜]ijl is the lth measured value of variable j in experiment i,
[z]ijl is the lth estimated value of variable j in experiment i and σ2ijl is the variance of the lth
measurement of variable j in experiment i.
Parameter estimation can be applied to many problems for determining many unknown
parameters. Specifically in this work reaction kinetics and the reaction rate constant are
under investigation. For a general chemical reaction [151],
aAα + bBβ solvent−−−−→
T (◦C)
pP + qQ (2.36)
The rate of reaction at constant volume can be written as,
r = −1
a
d[A]
dt
= −1
b
d[B]
dt
= 1
p
d[P]
dt
= 1
q
d[Q]
dt
(2.37)
or simplified to,
r = k ∙ [A]α ∙ [B]β (2.38)
where the units of the reaction rate (r) are concentration per unit time, the reaction rate
constant (k) are volume, molarity and time, and the reactant concentrations, [A], [B], [P] and
[Q] are in molarity.
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Assuming perfect mixing and isothermal conditions, a model of the reaction is given by,
− d[A]
dt
= k ∙ [A]α ∙ [B]β , (2.39)
−d[B]
dt
= k ∙ [A]α ∙ [B]β , (2.40)
d[P]
dt
= k ∙ [A]α ∙ [B]β , (2.41)
d[Q]
dt
= k ∙ [A]α ∙ [B]β . (2.42)
The parameters that can be estimated are the reaction rate constant (k), the initial concentra-
tions of the reactants ([A]t=0 = [A]0, [B]t=0 = [B]0) also the order (in the above example it is
α and β) with respect to each reactant and the total overall order (n = α + β) for the reaction.
2.5.9 Comparison of Kinetic Analysis Methods
The most widely employed method of kinetic analysis is the integral method for evaluating
empirical reaction rate laws where an order can be defined. However, the integral method
does have disadvantages: normally only simple fractional orders are used (only if outdated
(graphical) approaches are used for fitting); and the integral method characterises the way
in which rate varies as a function of time, as in some cases, the order with respect to time is
different to that found from the initial rates method where order is determined with respect
to concentration [177]. Therefore, the combination of both methods, integral and initial rates,
is most favourable. In order to fully understand what is happening in a reaction, systematic
studies need to be undertaken (by varying the initial concentrations of reactants, expected
products and catalyst(s)) and the resulting kinetic behaviour analysed [177].
In this work the integral approach is used, using concepts of RPKA for experiment design
and nonlinear parameter estimation for fitting. In the reaction model equations the reac-
tion rate laws are the integral method, and the combination of using three or four separate
experimental reactions of differing initial concentrations is the RPKA method. There is lim-
ited data manipulation, as the data that are used in the nonlinear parameter estimation are
concentration as a function of time data. From this concentration-time data a reaction rate
constant, order of reaction and initial concentrations can be estimated with great accuracy.
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In summary, solvent effects matter in reactions especially where there is a change in charge
density between the reactants and the transition-state; however, not so much in other reac-
tions. There are many methods available for reliable measurement and modelling. There is
a need for reliable accurate experimental reaction rate data in different solvents.
Chapter 3
The Menschutkin Reaction of
Phenacyl Bromide and Pyridine
In this Chapter the focus will be on the Menschutkin reaction, which has been studied
extensively both experimentally and computationally [1, 22, 25–27, 29–32, 34–51, 59, 82,
121, 124, 184–214], as the reaction rate is known to be very sensitive to its reaction medium,
the solvent. The Chapter is laid out as follows: there will be a short review on a few selected
Menschutkin reactions followed by a more detailed discussion on the specific reaction under
investigation of phenacyl bromide and pyridine; a detailed description of the experimental
analytical methodology employed which is followed for every solvent and the results described
herein; the regression of an empirical equation which quantitatively describes the solvent
effects of the reaction of phenacyl bromide and pyridine; and finally a short summary and
conclusions.
3.1 Introduction
A Menschutkin reaction is a bimolecular substitution (SN2) reaction where a tertiary amine
reacts with a primary haloalkane to form a quaternary ammonium salt i.e. [213],
R′3N+RX
 [R′3Nδ+ ∙ ∙ ∙ R ∙ ∙ ∙ Xδ−]→ R4N⊕X	. (3.1)
More specifically it is an SN2 Type {II} reaction, as the reactants are neutral, whilst in an
SN2 Type {I} reaction the attacking nucleophile and leaving group are negatively charged
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[32],
X	 +R3X′ → XR3 +X′	. (3.2)
The major difference between an SN2{II} and an SN2{I} reaction is the effect that polar
solvents have on the rate of reaction. In an SN2{I} reaction the rate decreases with increas-
ing polarity of the solvents as the delocalised charged transition state is destabilised by the
solvent compared to the anionic nucleophile [32]. On the contrary, in SN2{II} reactions, the
rate increases in more polar solvents. This is because neutral reactants are converted to
charged products via a charge development in the transition state and polar solvents help
stabilise the charged transition state and products relative to the reactants [212].
The first systematic study of the effects of solvents on reactions was carried out by Nikolai
Menschutkin in 1890, who studied the reaction of triethylamine with ethyl iodide in 22
solvents at 100 ◦C [184]. Reaction rates increased or decreased depending on the solvent
used, even though the solvent plays no active part in the reaction. The reaction proceeded
∼800 times faster in benzyl alcohol than in the non-polar n-hexane, cf. Table 3.1 [24, 184].
He noted that for this reaction solvents can be arranged in the following order of increasing
reaction rate: hydrocarbons < ethers < esters < alcohols / ketones < ketones / alcohols.
Table 3.1: Relative reaction rates for a number of solvents for the Menschutkin reaction of
triethylamine with ethyl iodide at 100 ◦C and relative reaction rate constants, taken from [24].
Solvent krel2
n-Hexane 1
n-Heptane 1.3
Diethyl ether 4.2
Xylene 15.9
Benzene 38
Ethanol 211
Acetone 352
Benzyl alcohol 769
3.2 Previous Studies on Selected Menschutkin Reactions
In this section a few Menschutkin reactions have been selected from the literature and will
be reviewed. The reactions chosen to be reviewed are ones where the reaction is studied
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experimentally in many solvents as that is the aim of this work. Some computational papers
are also reviewed to show how effective computational methods are at estimating reaction rate
constants, activation energies and also at describing the effects of solvents on reactions. This
is not a fully comprehensive review of all the literature available on Menschutkin reactions
and the reader is referred to the review of Abboud et al. [185] entitled ‘One Century of
Physical Organic Chemistry: The Menshutkin Reaction’ which is a fully comprehensive review
detailing all kinetic and thermodynamic studies for this type of reaction up to publication.
3.2.1 Tri-n-propylamine and Methyl Iodide
(CH3(CH2)2)3N+CH3I
 [(CH3(CH2)2)3Nδ⊕ ∙ ∙ ∙CH3 ∙ ∙ ∙ Iδ	]‡ → (CH3(CH2)2)3N⊕CH3+ I	 (3.3)
Lassau and Jungers [25] studied the Menschutkin reaction of tri-n-propylamine and methyl
iodide (equation (3.3)) in 78 solvents at 20 ◦C by titration. They found that the reaction pro-
ceeded 110,000 times faster in polar solvents such as nitromethane (k= 1.10 l mol−1 min−1)
or phenylacetonitrile (k= 1.10 l mol−1 min−1) than in non-polar solvents like n-hexane (k=
0.00001 l mol−1 min−1), cf. Table 3.2 [25]. It was determined that reaction rate increases
with dipolar moment and polarisability [25]. The Kirkwood equation has been used to estim-
ate the dipole moment of the activated complex for this reaction to be ∼29 × 10−30 C m (8.7
D) [188] which is much larger than those of either of the reactant molecules (methyl iodide
(5.5 × 10−30 C m / 1.64 D) and tri-n-propylamine (2.3 × 10−30 C m / 0.70 D)) [35, 188, 189].
Table 3.2: A range of solvents, reaction rate constants, relative permittivity ‘dielectric constant’
(εr), Dimroth-Reichardt’s [4, 5] solvatochromic polarity indicator scale values of ET (30) and nor-
malised solvatochromic polarity indicator scale values of ENT , for the reaction of tri-n-propylamine
and methyl iodide at 20 ◦C, taken from [25].
Solvent k krel εr ET(30) ENT
(l mol−1min−1) (kcal mol−1)
n-Hexane ∼0.00001 1 1.90 31.0 0.009
Toluene 0.0095 950 2.39 33.9 0.099
Methanol 0.013 1300 33.60 55.4 0.762
THF 0.029 2900 7.61 37.4 0.207
Acetone 0.150 15000 21.07 42.2 0.355
Acetonitrile 0.47 47000 36.80 45.6 0.460
2-Phenylacetonitrile 1.10 110000 18.95 42.7 0.370
Nitromethane 1.10 110000 37.45 46.3 0.481
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3.2.2 Ammonia and Chloromethane
H3N : + CH3Cl
 [H3Nδ⊕ ∙ ∙ ∙ CH3 ∙ ∙ ∙ Clδ	]‡ → CH3H3N⊕ + Cl	 (3.4)
For the Menschutkin reaction of ammonia and chloromethane there is only one experimental
value available and it is the reaction free energy (ΔGrp) of -34 ± 10 kcal mol−1 in water [30].
This reaction has been studied computationally in the gas phase and aqueous phase by many
researchers [26–32]. Various levels of theory have been used to determine the free energy of
activation (ΔG‡) from molecular orbital theory to valence bond theory. It can be seen from
Table 3.3 that the values differ and this is due to the different levels of theory employed but
most values are within the experimental error range of ± 10 kcal mol−1 showing that gas
phase calculations are becoming increasingly accurate. From the gas-phase computational
work [26–31, 33] similar conclusions can be drawn for all: they all predict that the transition
state is closer to the reactants than to the products, showing that the transition state is
reactant-like and the solvated reaction goes through one step which produces separate ions
whereas calculations in the gas phase proceed through a two-step process. There are many
computational values compared to one experimental value, the experimental value is assumed
to be the benchmark highlighting the need for more accurate, reproducible experimental
results to validate such models, and for reactions to be carried out in more than one solvent,
to explore the effects that solvents have on a particular reaction.
Table 3.3: Activation energies (ΔE‡, kcal mol−1), activation free energies (ΔG‡, kcal mol−1),
reaction energies (ΔErp, kcal mol−1) and reaction free energies (ΔGrp kcal mol−1) for the Mens-
chutkin reaction of ammonia and chloromethane in the gas phase from various sources [26–32].
ΔE‡ ΔG‡ ΔErp ΔGrp Source
(kcal mol−1)
- 46.7 - 119.0 [26, 27]
- 51.4 - 128.3 [28]
38.6 - 114.2 - [29]
33.1 - - 118.0 [30]
33.0 - 106.6 - [31]
36.6 48.0 110.8 117.1 [32]
- - - 111.0 [30] exp
3.2.3 Ammonia and Bromomethane
H3N : + CH3Br
 [H3Nδ⊕ ∙ ∙ ∙ CH3 ∙ ∙ ∙ Brδ	]‡ → CH3H3N⊕ + Br	 (3.5)
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Table 3.4: Activation energies (ΔE‡, kcal mol−1), activation free energies (ΔG‡, kcal mol−1),
reaction energies (ΔErp, kcal mol−1) and reaction free energies (ΔGrp kcal mol−1) for the Mens-
chutkin reaction of ammonia and chloromethane in the aqueous phase [26–33].
ΔE‡ ΔG‡ ΔErp ΔGrp Source
(kcal mol−1)
- 24.8 - -16.5 [26, 27]
- 22.8 -30.9 -21.9 [28]
- 20.5 - -29.1 [29]
- 21.6 - -31.7 [33]
- 26.3 - -18 [30]
20.9 21.6 - -31.7 [31]
15.8 23.4 -32.5 -30.9 [32]
- 23.5 - -34 ± 10 [30] exp
The Menschutkin reaction of ammonia and bromomethane, has been studied by Sola et al.
[210], Castejon and Wiberg [30] and Gordon et al. [31, 212]. Sola et al. [210] studied this
reaction computationally and determined relative energies in the gas phase and solvated by
n-hexane (εr=1.88 at 25 ◦C), methanol (εr=32.66 at 25 ◦C) and water (εr=78.36 at 25 ◦C),
they determined that the larger the dielectric constant the faster the reaction proceeds and
the sooner the transition state is found. Therefore n-hexane is the slowest and water is the
fastest solvent. This is because as the reaction proceeds the charge separation increases and
so this is more stabilised by more polar solvents (where the dielectric constant is an elec-
tronic/electrostatic measure of polarity) [210].
Webb and Gordon [212] also studied the reaction of ammonia and bromomethane using the
fragment potential method (EFP) [215] for modelling solvent effects on reactions. The EFP
method is an ab initio method to model solvent effects in chemical reactions by treating
solute molecules as it introduces discrete solvent molecules using ab initio potentials [212].
They do not model bulk water but model up to eight water molecules and the free energy of
activation was determined to be 22.8 ± 0.1 kcal mol−1 [31, 212].
Castejon and Wiberg [30] studied the reaction of ammonia and bromomethane computa-
tionally in the gas phase and solvated in the following solvents: cyclohexane, di-n-butyl and
dimethylsulfoxide (DMSO), and also experimentally in cyclohexane, di-n-butyl ether and
acetonitrile. The reaction rate constants displayed in Table 3.5 for the reaction of methyl
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bromide show that the rate of reaction increases with increasingly polar solvents from cyclo-
hexane < di-n-butyl ether < acetonitrile.
Table 3.5: Experimental reaction rate constant (k) in l mol−1 min−1 at 25 ◦C for the reaction of
bromomethane and pyridine [30] and dielectric constants at 20 ◦C unless otherwise indicated [5].
Solvent εr k ΔG‡
at 20 ◦C [5] (l mol−1 min−1) (kcal mol−1)
Cyclohexane 2.02 2.28 × 10−6 27.6
Di-n-butyl ether 3.08 6.78 × 10−5 25.6
Acetonitrile 35.94 (25 ◦C) 1.22 × 10−2 22.5
They also studied the reactions of ammonia and chloromethane, pyridine and chloromethane
and pyridine and bromomethane, computationally in the gas phase and solvated by solvents
(Table 3.6). The conclusions from this work were that with increasingly polar solvents the
transition state becomes more reactant-like and the activation free energies decrease. They
chose to study the reactions with bromomethane and chloromethane as they are examples of
methyl transfer reagents which are important in organic synthesis and biochemical processes
[30]. It was shown that by using methyl bromide over methyl chloride reactions, earlier
transition states are obtained and therefore faster reaction times.
Table 3.6: Calculated activation free energies (ΔG‡) in kcal mol−1 using the B3LYP / 6-31+G∗
basis set in Gaussian for the reactions of: i) chloromethane and ammonia, ii) chloromethane
and pyridine, iii) bromomethane and pyridine and iv) experimental ΔG‡ for the reaction of
bromomethane and pyridine; in the gas phase, cyclohexane (n-C6H12), di-n-butyl ether (Bu2O),
acetonitrile (MeCN), dimethylsulfoxide (DMSO) and water (H2O) [30].
Activation Free Energies (ΔG‡) (kcal mol−1)
Reaction gas phase n-C6H12 Bu2O MeCN DMSO H2O
i) MeCl-NH3 41.9 32.6 27.5 22.3 22.9 21.7
ii) MeCl-Pyr 39.5 32.9 29.5 25.8 24.7 23.4
iii) MeBr-Pyr 36.0 28.1 24.5 - - -
iv) MeBr-Pyr (exp) - 27.6 25.6 22.5 - -
3.2.4 Ammonia and Methyl Iodide
H3N : + CH3I
 [H3Nδ⊕ ∙ ∙ ∙ CH3 ∙ ∙ ∙ Iδ	]‡ → CH3H3N⊕ + I	 (3.6)
The reaction of ammonia and methyl iodide has been studied experimentally by Okamoto et
al. [34] as well as the reactions of methyl iodide and methylamine (MeNH2), dimethylamine
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(Me2NH) and trimethylamine (Me3N) at 0-40 ◦C in aqueous solutions [34]. Reaction rate
constants are shown in Table 3.7 and this shows that rate decreases in the following sequence
of Me3N > Me2NH > MeNH2 > NH3 reacting with methyl iodide and the authors conclude
that this is either due to the inductive effect of the methyl groups or due to the increasing
polarisability of the amines [34]. To show this increasing polarisability, the logarithms of the
reaction rate constants are shown against the Taft ∑σ∗ [81], Figure 3.1. The Taft σ∗ is a
constant which expresses the polar effect of the substituent and they have been correlated to
a wide range of primary, secondary and tertiary amines [81].
Table 3.7: Reported rate constants in l mol−1 min−1, activation energies in kcal mol−1 and
log A, for the reaction of methyl iodide with trimethylamine, dimethylamine, methylamine and
ammonia at 0-40 ◦C [34].
Nucleophile 102 k (l mol−1 min−1) EA log Taft pKa
0 ◦C 10 ◦C 20 ◦C 30 ◦C 40 ◦C (kcal mol−1) A ∑σ∗ [81]
Me3N 6.42 24.78 84.60 - - 20.55 13.44 0.00 9.76
Me2NH 2.09 8.88 29.52 - - 21.55 13.36 -0.49 10.64
MeNH2 1.80 6.78 - - 21.80 0.44 13.32 -0.98 10.62
NH3 - - 0.29 1.05 4.20 23.50 13.22 -1.47 9.21
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Figure 3.1: Logarithms of the reaction rate constants at 20 ◦C against Taft’s
∑
σ∗ [81] for
the reaction of methyl iodide with the decreasingly nucleophilic amines (triethylamine (Me 3N)
> diethylamine (Me2NH) > methylamine (MeNH2) > ammonia (NH3)) adapted from [34] and
edited as in the original paper NH3 was labelled as NH4.
3.2.5 Triethylamine and Ethyl Iodide
(CH3CH2)3N+CH3CH2I
 [(CH3CH2)3Nδ⊕∙∙∙CH2CH3∙∙∙Iδ	]‡ → (CH3CH2)4N⊕+ I	 (3.7)
The reaction of triethylamine and ethyl iodide has been studied experimentally and compu-
tationally at 25 ◦C in 39 solvents [35, 36], experimental values are shown in Table 3.8. In this
case a change in the solvent from n-hexane to DMSO increases the reaction rate by ∼65,000,
which corresponds to a decrease in ΔG‡ of 28.98 kJ mol−1. The same reaction was conducted
at 50 ◦C (values collated in Table 3.9). The reactions carried out in non-polar solvents such
as chlorocyclohexane or 1,1,1-trichloroethane have larger entropies of activation (ΔS‡) than
in the more polar solvents such as benzonitrile or nitrobenzene. Bimolecular substitution
reactions such as equation (3.7), normally show a large negative entropy of activation due
to the charge formed in the activation process [5]. A more negative value for the entropy
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of activation shows a higher degree of ordering in the transition state than compared to the
reactants and this is because of the increased solvation during the activation process [5].
This higher degree of ordering results in the transition state being stabilised by increasingly
polar solvents due to the intermolecular solvent-solvent interactions. However, in less polar
solvents which have little / no dipole moment, the solvent molecules will be disordered and
have a higher entropy, thus non-polar solvents have a larger entropy loss due to the increased
solvation in the activation process [5]. Therefore reactions have a larger negative entropy of
activation in less polar solvents than in polar solvents proceeding through a dipolar activated
complex [216].
Acevedo and Jorgensen also studied the reaction of triethylamine and ethyl iodide in six
solvents (cyclohexane, carbon tetrachloride, THF, acetonitrile, DMSO and water) using dif-
ferent levels of theory: ab initio (DFT) and classical methods (OPLS) [36]. They achieve good
agreement with the collated experimental values of Abraham and Grellier [35] using B3LYP,
MP2 and PDDG/PM3 methods, Table 3.10. The simulations predicted earlier transition
state structures for dipolar aprotic and polar protic solvents, showing the reaction sensitivity
to more polar solvents [36]. Unfortunately, the ΔG‡ values are greatly overestimated for less
polar solvents, solvents with low relative permittivities: THF, cyclohexane and carbon tetra-
chloride. This error was mostly resolved by using a polarisable force field (OPLS-AAP), Table
3.11, when computing solvent effects for less polar solvents (media of low relative permittivity
values) with a highly dipolar transition state structure [217]. This study also confirms that
the rate acceleration of Menschutkin reactions is related to the enhanced stabilisation of the
emerging charge separation in the transition state by increasingly polar solvents [36].
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Table 3.8: Experimental reaction rate constants (l mol−1 min−1), relative rate constants, ΔG‡
and δΔG‡ (kJ mol−1) for the Menschutkin reaction of triethylamine and ethyl iodide at 25 ◦C
taken from [35].
Solvent 106k / krel ΔG‡ δΔG‡
(l mol−1 min−1) (kJ mol−1)
n-Hexane 0.81 1 112.92 25.31
Cyclohexane 1.296 2 111.28 23.67
Diethyl Ether 21.54 27 104.22 16.61
Carbon tetrachloride 25.32 31 103.63 16.02
1,1,1-Trichloroethane 188.4 233 98.73 11.13
Toluene 202.2 250 98.72 11.11
Cyclohexyl chloride 312.6 386 97.93 10.33
Cyclohexyl bromide 369 456 97.57 9.96
Benzene 322.2 398 97.12 9.51
Ethyl acetate 466.8 576 96.44 8.84
Dioxane 708 874 95.06 7.46
Tetrahydrofuran 702 867 94.96 7.35
Ethyl benzoate 1428 1763 94.61 7.00
Chlorobenzene 1170 1444 94.26 6.65
Bromobenzene 2064 2548 93.58 5.97
1,1-Dichloroethane 1422 1756 93.31 5.70
Chloroform 1806 2230 92.59 4.98
Butan-2-one 2376 2933 92.19 4.58
Iodobenzene 3012 3719 92.14 4.53
Acetone 3924 4844 90.46 2.85
1,2-Dichloroethane 5646 6970 89.81 2.13
Dichloromethane 4794 5919 89.62 2.01
Acetophenone 9840 12148 89.32 1.72
Benzonitrile 9120 11259 89.19 1.59
Propiononitrile 7080 8741 88.89 1.29
Nitrobenzene 11040 13630 88.70 1.10
Dimethylformamide 12960 16000 87.60 0.00
1,1,2,2-Tetrachloroethane 18720 23111 87.46 -0.14
Acetonitrile 13620 16815 86.35 -1.07
Nitromethane 19980 24667 85.64 -1.97
Propylene carbonate 41040 50667 84.97 -2.64
Dimethyl sulfoxide 52380 64667 83.94 -3.67
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Table 3.9: Experimental reaction rate constants (l mol−1 min−1), relative rate constant, ΔG‡,
ΔH‡ (kJ mol−1) and ΔS‡ (J mol−1 K−1) for the Menschutkin reaction of triethylamine and
ethyl iodide at 50 ◦C taken from [5].
Solvent 105k2 / krel ΔG‡ ΔH‡ ΔS‡
(l mol−1 min−1) (kJ mol−1) (J mol−1 K−1)
1,1,1-Trichloroethane 108 1 102.6 52.3 -156
Chlorocyclohexane 185.4 2 101.6 54.4 -146
Chlorobenzene 558 5 98.2 46.9 -159
1,1-Dichloroethane 714 7 97.1 48.1 -151
Chloroform 924 9 96.2 49.0 -146
1,2-Dichlorobenzene 1086 10 96.7 49.4 -146
Acetone 1902 18 94.1 47.3 -145
Cyclohexanone 2022 19 94.8 51.5 -134
1,2-Dichloroethane 2556 24 93.4 45.2 -149
Propiononitrile 3576 33 92.3 48.5 -135
Benzonitrile 4590 43 92.6 49.0 -135
Nitrobenzene 5604 52 92.0 49.4 -133
Table 3.10: Solution-Phase Free Energy of Activation Barriers ΔG‡ (kJ mol−1) for the Mens-
chutkin reaction of triethylamine and ethyl iodide [36] in 7 solvents: dimethylsulfoxide (DMSO),
acetonitrile (CH3CN), water (H2O), tetrahydrofuran (THF), methanol (CH3OH), carbon tetra-
chloride (CCl4) and cyclohexane (c-C6H12).
DMSO CH3CN H2O THF CH3OH CCl4 c-C6H12
B3LYP/LANL2DZ 72.38 71.55 85.77 79.50 61.50 138.49 155.64
B3LYP/LANL2DZd 74.48 73.64 87.86 81.59 63.60 140.58 157.74
B3LYP/SVP 102.93 102.09 116.32 110.04 92.05 169.03 186.19
B3LYP/MIDI! 84.10 83.26 97.49 91.21 73.22 150.21 167.36
B3LYP/6-3111G(d,p) 92.47 104.18 105.86 99.58 81.59 158.57 175.73
MP2/LANL2DZ 73.22 72.38 86.61 80.33 62.34 139.33 156.48
MP2/LANL2DZd 56.90 56.07 70.29 64.02 46.02 123.01 140.16
PDDG/PM3 89.54 88.70 102.51 96.65 78.66 155.64 172.38
Experiment [35] 83.94 86.35 88.28 94.96 95.81 103.63 111.28
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Table 3.11: Solution-Phase Free Energy of Activation Barriers ΔG‡ (kJ mol−1) for the Mens-
chutkin reaction of triethylamine and ethyl iodide, using a polarisable (-POL) force field [36].
THF-POL CCl4-POL c-C6H12-POL
B3LYP/LANL2DZ 87.45 128.87 112.97
B3LYP/LANL2DZd 89.54 130.96 115.06
B3LYP/SVP 117.99 159.41 143.51
B3LYP/MIDI! 99.16 140.58 124.68
B3LYP/6-3111G(d,p) 107.53 148.95 133.05
MP2/LANL2DZ 88.28 129.70 113.80
MP2/LANL2DZd 71.96 113.39 97.49
PDDG/PM3 104.60 146.02 130.12
Experiment [35] 94.96 103.63 111.28
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3.2.6 Pyridine and Benzyl Chlorides / Bromides
C6H5N : + R − PhCH2X
 [C6H5Nδ⊕ ∙ ∙ ∙ CH2Ph−R ∙ ∙ ∙Xδ	]‡ → R − PhCH2N⊕C6H5 +X	 (3.8)
N R R
N X
X
Figure 3.2: The reaction of pyridine and benzyl chlorides / bromides where R = H, CH3 or
NO2 and X = Cl or Br for the reactants: 4-nitrobenzyl chloride, benzyl chloride, 4-methylbenzyl
chloride, 4-nitrobenzyl bromide, benzyl bromide and 4-methylbenzyl bromide [82].
Haberfield et al. [82] determined the effects of a dipolar aprotic solvent and protic solvent
using DMF (εr=32.66 at 25 ◦C) and methanol (εr=36.71 at 25 ◦C) respectively, as they have
similar dielectric constants, with pyridine and various benzyl bromides / chlorides1 [82]. From
their work it was shown that the rate of reaction for benzyl bromides increases when using
the dipolar aprotic solvent, DMF, as opposed to the polar protic solvent methanol; however
this effect was not observed when using benzyl chlorides [82]. The reaction rate increases
when there are electron withdrawing substituents on the benzyl bromides and the reaction
rate decreases with electron donating substituents. Finally they concluded that there is a
decrease in the enthalpy of activation (Δ‡H◦) for Menschutkin reactions when using a dipolar
aprotic solvent over a polar protic solvent and this is caused entirely by the enhanced solvation
of the transition state in dipolar aprotic solvents [82]. Previously it had only been known
that the reaction rate increases [193, 218] and the reaction rate decreases [193, 200, 218]. It
had not been shown that there was a consistent decrease in the enthalpy of activation when
carrying out this reaction in dipolar aprotic solvents [82, 193, 200, 218].
3.2.7 Phenacyl Bromide and Pyridine
C6H5N : + PhCOCH2Br
 [C6H5Nδ⊕ ∙ ∙ ∙ CH2COPh ∙ ∙ ∙ Brδ	]‡ → PhCOCH2N⊕C6H5 +Br	 (3.9)
A better representation for the reaction of phenacyl bromide and pyridine is Figure 3.3
shown going through a linear SN2 transition state. The reaction of phenacyl bromide and
pyridine has been studied experimentally [37–41, 44, 46–48]. Whilst this reaction has been
1specifically 4-nitrobenzyl chloride, benzyl chloride, 4-methylbenzyl chloride, 4-methylbenzyl bromide, ben-
zyl bromide and 4-methylbenzyl bromide
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Figure 3.3: Reaction scheme of phenacyl bromide and pyridine to form n-phenacyl pyridinium
bromide.
studied by a number of experimental groups at different temperatures, there lacks a system-
atic data set in different solvents at a specific temperature. Of relevance to this work is the
kinetic data reported in [37–41, 44, 46–48]. The method of electrochemistry has been used
to study the reaction in 4 solvents; acetone, acetonitrile, methanol and DMF. Also, titration
methods were used to measure bromide evolution to give reaction rate data for 4 solvents;
acetone [42, 45, 46], benzene [42], ethanol [49, 50] and methanol [39, 43]. All literature ex-
perimental reaction rate constants for this reaction are displayed in Tables 3.12, 3.13 and 3.14.
Table 3.12: Experimental reaction rate constants, k, in l mol−1min−1 at different temperatures
(20-45 ◦C) in methanol for the reaction of phenacyl bromide and pyridine from various sources
[37–41]. All were measured electrochemically and pseudo first-order kinetic analysis employed
unless otherwise indicated by *, in which case second-order analysis was used.
T / ◦C
20 25 30 35 40 45 Source
- - - 0.045 - - [37]
- - 0.0195 0.0278 0.0393 - [38]*
0.0136 0.0247 0.0305 0.0472 - - [39]
- 0.0173 - 0.0434 - 0.0938 [40]
- 0.0145 0.0326 0.0381 0.048 0.0698 [41]
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Table 3.13: Experimental reaction rate constants, k, in l mol−1min−1 for the reaction of
phenacyl bromide and pyridine at different temperatures (20-40 ◦C) in acetone (100 %) unless
otherwise stated, from various sources [42–46]. The water content is given as a volume percentage.
All analysis carried out using pseudo first-order kinetic analysis unless otherwise indicated by *,
in which case second-order analysis was employed. The experimental method used to monitor the
reactions was either electrochemically (elec.) by conductance, or by concentration determination
using the method of titration.
Water Experimental T / ◦C
(% vol.) Method 20 25 30 35 40 Source
0 titration - - 0.0875 - - [42]
0 0.0474 - - - 0.1698 [43]
0 elec. - 8.7 12 13.14 13.98 [44]
10 titration - - 0.094 0.15 0.19 [45]*
40 titration - 0.22 0.29 0.4 0.51 [46]
elec
Table 3.14: Experimental reaction rate constants, k, in l mol−1min−1 for the reaction of phen-
acyl bromide and pyridine from different sources [40, 42, 47–50] for the solvents acetonitrile,
benzene, DMF and ethanol and found either electrochemically (elec.) or concentration determin-
ation using titration and pseudo first-order kinetic analysis at varying temperatures (20-40 ◦C).
T / ◦C
Solvent Method 25 30 35 40
Acetonitrile [47] elec. 0.177 - - -
Acetonitrile [48] elec. - - - 0.68
Benzene [42] titration - - 0.0048 -
DMF [40] elec. - - 0.504 0.993
Ethanol (90%) [49, 50] titration - 0.0065 - -
For the reaction of phenacyl bromide and pyridine, there seems to be some agreement in
the experimental reaction rate constants measured for methanol, Table 3.12, especially at 30
and 35 ◦C, with reported values within experimental error. The values collected for acetone,
Table 3.13, cannot be correlated as the authors used different temperatures, 20-40 ◦C, to
study the reaction and in some cases acetone was diluted with water. Nevertheless the values
of 0.0875 [42] (acetone 100%) and 0.094 [45] (acetone 90 %: water 10 %) l mol−1 min−1 at
30 ◦C and the values of 0.17 [43] (acetone 100%) and 0.19 [45] (acetone 90 %: water 10 %) l
mol−1 min−1 at 40 ◦C are relatively close considering the differing solvent composition which
also shows that the addition of water increases the rate of reaction.
It is known that allyl / alkyl halides (e.g. phenacyl bromide, benzyl bromide) react with
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DMF and DMSO at room temperature, Figure 3.4 [219–223]. Therefore, the reaction rate
constants reported by Yoh et al. [40] in DMF as 0.504 and 0.993 l mol−1 min−1 at 35
and 45 ◦C respectively are only accurate if oxidation of the phenacyl bromide with DMF is
negligible; unfortunately the authors do not comment on this.
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Figure 3.4: The proposed reaction mechanism of phenacyl bromide and DMSO to form
phenylglyoxal and dimethyl sulfide.
The Menschutkin reaction of phenacyl bromide and pyridine has also been studied compu-
tationally by Fa´bia´n et al. [201] and Struebing et al. [51]. Fa´bia´n et al. [201] studied the
reaction in acetonitrile, methanol and water, to gain insight into the mechanism of the reac-
tion and to determine the transition state of the intermediate using density functional theory
(DFT) calculations. Struebing et al. [51] used ab initio QM methods with a continuum solva-
tion model to predict reaction rate constants for the reaction of phenacyl bromide and pyridine
in 7 different solvents, listed in Table 3.15. It was determined that the optimal/fastest solvent
for this reaction is nitromethane, whilst the slowest is toluene [51].
Table 3.15: The relative permittivity / dielectric constant (εr) and predicted reaction rate
constants (in l mol−1 min−1) at 25 ◦C for the reaction of phenacyl bromide and pyridine using
the QM/MM CAMD method developed by [51].
Solvent εr k
at 25 ◦C [5] (l mol−1 min−1)
Toluene 2.38 9.66 × 10−5
Chlorobenzene 5.62 2.36 × 10−3
Ethyl Acetate 6.02 2.93 × 10−3
THF 7.58 5.22 × 10−3
Acetone 20.56 1.72 × 10−2
Acetonitrile 35.94 2.82 × 10−2
Nitromethane 35.87 3.65 × 10−2
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3.2.8 Why was the Reaction of Phenacyl Bromide and Pyridine Selected?
The specific Menschutkin reaction studied in this work is an SN2 reaction where pyridine
reacts with phenacyl bromide to form the product N-phenacyl pyridinium bromide, Figure
3.3. The overall reaction is second-order because the reaction is a bimolecular elementary
reaction and the order with respect to phenacyl bromide and pyridine is one.
The reaction of phenacyl bromide and pyridine has been used in this kinetic study for the
following reasons:
1. The experimental data in the literature is inconsistent and most values collected by
different authors at the same temperature show large discrepancies which may be due
to the different experimental techniques employed (electrochemical, concentration de-
termination using titration), the kinetic analysis used (pseudo first-order analysis versus
second-order), different solvent compositions and varying temperatures. Therefore there
is not enough data available to assess solvent effects on this specific reaction at a con-
stant temperature and pressure.
2. This reaction has been chosen as the experiments are viable and the reactants are
readily available.
3. It is known to be sensitive to solvents due to the large build up of charge and large dipole
moment associated with the transition state compared with the neutral uncharged
reactants.
4. Methyl chloride could have been chosen as there is computational data to compare with
but it is a gas and toxic, whereas phenacyl bromide is a solid so can be solubilised for
liquid phase reactions, and is non-toxic.
5. Phenacyl bromide was chosen over phenacyl chloride as the reaction times would pro-
ceed very slowly using the chloride over the bromide substituent. This would limit the
analytical techniques that could be used due to the longer reaction times.
6. Bromide was also preferentially chosen over iodide as it is smaller and therefore easier
/ faster to model computationally using the QM calculations approach.
Thus given all of the above, the reaction of phenacyl bromide and pyridine has been chosen
to monitor the kinetics in various solvents at ambient temperature (25 ◦C) and pressure (1
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atm) to gain reliable, accurate experimental data for this reaction.
3.3 Experimental Methodology
An in situ technique for monitoring a reaction is the most favourable option to study kinetics
and obtain reliable, nearly continuous and accurate experimental data [181]. Most previous
methods for obtaining kinetic experimental data used pseudo first-order conditions where
one reagent was largely in excess and employed pseudo first-order kinetic analysis. Modern
software has removed this constraint as it can be used to elucidate information from experi-
mental data collected as a function of time. One of the most user friendly / accessible options
is Microsoft Excel [224] and more complex modelling packages capable of dynamic modelling
such as Berkeley-Madonna [225], ChemKin [226], icKinetics [227], gPROMS [183], Matlab
[228] and specifically for parameter estimation: gPROMS [183]. There are several choices
of in situ techniques for kinetic monitoring of dynamic reactions, e.g. reaction calorimetry,
infrared spectroscopy (IR), ultraviolet/visible spectroscopy (UV/Vis) and nuclear magnetic
resonance (NMR). ReactIR and reaction calorimetry are reliable techniques for monitoring
the kinetics of reactions, as absorbance or heat of formation respectively as a function of time
can be obtained [181].
1H NMR is used here to study the kinetics of this particular reaction as it is a reliable and very
sensitive technique (low concentrations of 0.01 mol l−1 can be used). However, disadvantages
to 1H NMR are the very small reaction volumes and the requirement that all components
must be soluble to be NMR visible, or not useable at all if a species is NMR-silent. A
problem that can occur during a reaction is precipitation of a component, however, this can
be avoided by using low concentrations of reactants. When carrying out kinetic NMR an
internal standard should be included such that the concentration of all other components can
be calculated relative to this. A good internal standard is one which does not react with any
component and has peaks in different regions of the spectrum so there are no overlapping
peaks that can interfere with integration.
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Figure 3.5: Flow diagram showing the proposed protocol for the systematic experimental
investigation of solvent effects on a reaction by 1H NMR, where R, P and IS represent reactants,
products and internal standard respectively.
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An experimental protocol to measure reaction rates by 1H NMR has been developed and is
shown in Figure 3.5:
1. Using the non-deuterated analogue of the solvent, all components are tested for solu-
bility in the solvent. For a bimolecular reaction of the type:
1+ 2 −→ 3+ 4
where reactants 1, 2 and the internal standard (IS) must all dissolve at the desired
concentrations and the products (3, 4) can be soluble (most favourable option) >
partially soluble > insoluble (least favourable option).
2. The reactivity of the reaction species with the solvent is then tested. Using the deuter-
ated solvent, samples of each component, (1, 2, 3, 4 and IS) are made and checked for
reactivity.
3. To check the reversibility of the reaction the product components (3 and 4) are dis-
solved together and checked to make sure they do not react together (thus forming the
reactants again).
4. To determine whether the IS reacts with any of the components, samples are made of
each component and the IS, and reactivity determined. If they do react then another
IS should be chosen. An alternative method to using an IS in the reaction mixture is to
have a known calibrated amount of an IS in a sealed capillary tube which can be used
for every experiment as a reference to quantify other species (see supporting information
of Bure´s et al. [229] for a detailed methodology). However, this has disadvantages, as
the capillary will not be perfectly vertical in the solution and so will affect the volume
measurements.
5. Once it has been established that no reaction occurs, T1 (spin-lattice) relaxation times
of each sample are determined. This is to ensure that the data being collected are
quantitative as after a radio frequency (r.f) has been applied the delay must be at least
5 × T1 for 99 % accuracy, or even 4 × T1 for 98 % [174]. This is to determine the rate
at which the nuclei relax back to thermal equilibrium after they have been pulsed by
an appropriate r.f. The more scans that are collected, increases the signal to noise ratio
and so improves the signal giving a cleaner spectrum.
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6. A reaction is then followed by 1H NMR. First a sample of one of the reactants (e.g.
1) and IS is made in the deuterated solvent and a spectrum is taken and set as t=0.
Then the next component (e.g. 2) is added noting down the time and spectra are taken
continually at regular time intervals until the experiment has finished.
7. Once the experiment has finished, peaks / integral regions must be chosen and assigned
to the appropriate species. More than one integral region should be chosen for each
species thus ensuring reliability and confidence in the data. Also the IS peak(s) must
be chosen as these are the reference peak(s).
• Repeat steps 6 and 7 for different excesses including some cases where [1]0 > [2]0
and others [1]0 < [2]0, as this will increase the statistical significance of the kinetic
parameters determined. [1]0 and [2]0 are the initial concentrations at t=0 for
reactant 1 and 2 respectively.
8. Finally a suitable model is chosen which best represents the reaction system and a
reaction rate constant for each solvent is estimated.
3.4 Kinetic Model
Accurate determination of the concentration of species involved is crucial for the determin-
ation of reaction rates. Having a known initial concentration of the internal standard [IS]0,
concentrations values for the reactants and products can be calculated and used in the para-
meter estimation. To determine a reaction rate constant for each solvent four reactions of
varying concentration were used, thus increasing the reliability of the values determined. A
reaction rate constant was estimated for the solvent for the four reactions and also the initial
concentrations of the reactants, [1]0 and [2]0. To determine how accurate these values are,
the average absolute error (AAE) in mol l−1, Section 3.4.5, equation (3.20), is found.
3.4.1 Concentration Determination
Knowing the initial concentration of the internal standard [IS]0, concentration values for
the reactants and products can be calculated relative to this. This can be done by firstly
normalising the value of all components relative to the internal standard using the following
equations;
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PAIS = α ∙HIS ∙ [IS] , (3.10)
PAA = α ∙HA ∙ [A] , (3.11)
[A] = PAAHA
∙ HISPAIS ∙ [IS] , (3.12)
where α is the same regardless of species, PAIS is the absolute peak area (PA) for the internal
standard (IS), PAA is the absolute area of the peak of a given analyte (A), HIS and HA are
the number of protons in the IS and A peak respectively. The concentration values for each
analyte [A] are then used in the parameter estimation.
3.4.2 Parameter Estimation
To estimate the reaction rate constant in a given solvent, nonlinear parameter estimation with
a maximum likelihood formulation is used. All data available at the conditions of interest
(temperature, pressure, solvent) are fitted simultaneously. To do this a dynamic model was
used, which represents the kinetics of the reaction under investigation.
The experimental work being carried out is based on the following bimolecular reaction as
shown in Figure 3.3:
1+ 2→ 3 (3.13)
where 1 is phenacyl bromide, 2 is pyridine and 3 is the product N -phenacyl pyridinium
bromide. The second-order rate law for a bimolecular reaction is first-order in the two react-
ants and second-order overall. The rate equation for the above reaction at constant volume
is written as follows:
r = k ∙ [1] ∙ [2] , (3.14)
where the units of the reaction rate (r) are mol l−1 min−1, the reaction rate constant (k) are
l mol−1 min−1 and the reactant concentrations, [1] and [2] are in mol l−1.
Assuming perfect mixing and isothermal conditions, a model of the reaction in the NMR
tube is given by:
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− d[1]
dt
= k ∙ [1] ∙ [2] , (3.15)
−d[2]
dt
= k ∙ [1] ∙ [2] , (3.16)
d[3]
dt
= k ∙ [1] ∙ [2] , (3.17)
[1]t=0 = [1]0 , [2]t=0 = [2]0 , [3]t=0 = 0 ,
Using a parameter estimation programme, gPROMS [183] is used here, the following para-
meters are estimated; the second-order rate constant (k) and the initial concentrations of 1
([1]t=0 = [1]0) and 2 ([2]t=0 = [2]0) at the start of the reaction.
3.4.3 Objective Function
Since this is a maximum likelihood parameter estimation problem, the objective is to maxim-
ise the probability that the mathematical model will estimate the measured values obtained
from the experimental data [182]. Thus assuming equal measurement errors, with zero means
and standard deviations (σ2ijk), the maximum likelihood function can be represented by the
following objective function (Φ) equation (3.18) [183];
Φ = N2 ln (2π) +
1
2 minθ

NR∑
i=1
NPi∑
j=1
NMij∑
l=1
[
ln (σ2ijl) +
([z˜]ijl − [z]ijl)2
σ2ijl
] , (3.18)
where N is the total number of data points, θ is a vector for the set of parameters to be
estimated (k, [1]0i, [2]0i), NR is the number of runs performed, NPi is the number of peaks
measured in the ith run, NMij is the number of data (time) points for the jth peak in the
ith run, [z˜]ijl is the lth measured value of concentration for peak j in run i, [z]ijl is the lth
estimated value of variable j in experiment i and σ2ijl is the variance of the lth measurement
of the concentration obtained from peak j in run i.
3.4.4 Reduced Objective Function
For simplicity the objective function used in this work can be reduced to equation (3.19);
min
θ
f =

R4∑
i=R1
NMi∑
l=1
[(
[z]expil − [z]calcil
σ2
)]2 , (3.19)
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where f is the objective function that must be minimised with respect to θ which is a vector
for the parameters: k, [1]0R1−4 , [2]0R1−4 where k is the reaction rate constant, [1]0 and [2]0 are
the initial different concentrations of the four reactions R1, R2, R3 and R4; NMi are the total
number of experimental data points; where [z]exp represents the experimental concentration
data, [z]calc, is the calculated/estimated concentration values and σ is the constant variance
which is the uncertainty of the experimental measurements, in this case it is 0.02 mol l−1.
3.4.5 Average Absolute Error
To determine the accuracy of the results the absolute average error (AAE), with units of mol
l−1, is calculated using the following equation,
AAE (mol l−1) = 1
N
R4∑
i=R1
NMi∑
l=1
(∣∣∣[z]calcil − [z]expil ∣∣∣) . (3.20)
3.5 Experimental Results
A few experimental reaction rates for the reaction of phenacyl bromide and pyridine have
previously been reported [51], however, here the methodology for 12 solvents is explained and
10 experimental reaction rate constants are reported. The overall methodology as shown in
Figure 3.5 is first demonstrated that has been developed and has been applied to 12 common
laboratory solvents cf. Table 4.21, that cover a broad spectrum of dielectric constants, func-
tionality and hydrogen bonding capabilities as shown in Table 3.20. The solvents that were
then carried forward to steps 5 and 6 were solvents where the reactants had high solubility.
The reaction of phenacyl bromide and pyridine is a proven second-order reaction being first-
order in each reactant. Nevertheless to confirm this, the reaction progress kinetic analysis
(RPKA) methodology [181] was applied where two different sets of same-excess reactions
in tetrahydrofuran-d8 (THF-d8) were used. Two excesses, of 0.1 and 0.2 mol l−1 were used
to show this. As can be seen in Figure 3.6 the concentrations overlay for reactions with
the same-excess, thus confirming the reaction follows the second-order reaction rate law in
THF-d8 [181].
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Figure 3.6: (Caption on following page.)
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Figure 3.6: (Previous page.) ‘Same-excess’ plots of the concentrations of phenacyl bromide [1]
and pyridine [2] in THF-d8 as a function of time. The concentrations of phenacyl bromide (blue
triangles) and pyridine (green circles) in high concentration experiments and the concentrations
of phenacyl bromide (red squares) and pyridine (purple crosses) from low concentrations are
shown.
a) Same-excess experiment with an excess of 0.20 mol l−1. Initial concentrations in the high
concentration experiment are 0.18 mol l−1 for phenacyl bromide (blue triangles) and 0.38 mol
l−1 for pyridine (green circles). Initial concentrations in the low concentration experiment are
0.09 mol l−1 for phenacyl bromide (red squares) and 0.29 mol l−1 for pyridine (purple crosses).
b) Same-excess experiment with an excess of 0.10 mol l−1. Initial concentrations in the high
concentration experiment are 0.18 mol l−1 for phenacyl bromide (blue triangles) and 0.28 mol
l−1 for pyridine (green circles). Initial concentrations in the low concentration experiment are
0.09 mol l−1 for phenacyl bromide (red squares) and 0.20 mol l−1 for pyridine (purple crosses).
The overall approach for the reaction in nitromethane-d3 is presented in detail, for the other
solvents only the results are discussed.
1. In step 1, Figure 3.5, all components, 1, 2, 3 and IS were determined to be soluble in
non-deuterated nitromethane.
2. Each component (1, 2, 3 and IS) and each component (1, 2, 3) with the IS were
checked for reactivity with the deuterated solvent, nitromethane-d3. Nothing reacted.
3. To determine the reversibility of the reaction, step 3 was also passed as the product (3)
did not revert back to the starting material.
4. Spin-lattice (T1) relaxation times were determined for each peak in every sample, pyrid-
ine was found to have the longest T1 of 9 s, and so only one scan was applied and spectra
were collected every minute.
5. Four different initial starting concentrations were used as shown in Table 3.16 and the
reaction was followed by 1H NMR.
6. Using all the spectra as many distinct (non-overlapping) peaks were collected for the IS,
reactants and products for analysis. The peaks were then converted to concentration
data using equations (3.12). Concentration data for nitromethane-d3 as a function of
time is shown in Figure 3.7 which are used in step 7.
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Table 3.16: Reactant concentrations used for the experiments in nitromethane-d3. [1]0weight
is the concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial
concentration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0volume is the initial concentration of pyridine based on a volume measurement using a gas tight
syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the addition
of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of pyridine
from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0volume [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.10 0.11 0.10 0.17 0.19 0.20
2 0.18 0.18 0.18 0.35 0.35 0.35
3 0.27 0.26 0.26 0.48 0.47 0.51
4 0.36 0.35 0.35 0.48 0.46 0.52
7. A suitable model was used (in this case implementing the second-order differential equa-
tions (3.17)) and a reaction rate constant was estimated for the reaction in nitromethane-
d3 to be 0.206 l mol−1 min−1, shown in Table 3.17, and the measured and estimated
concentrations are shown in Table 3.16.
There are some variations in the measured concentrations of the initial concentration
for pyridine (2) especially the measured volume concentrations of [2]0volume , this is due
firstly to a time lag between the first and second spectra collected, however this issue
can be overcome by using gPROMS to estimate the initial concentrations of reactants.
Secondly the concentrations were primarily measured using a gas-tight syringe and the
dead volume was included. To overcome this problem for future experiments all liquid
reactants, specifically pyridine, were weighed and calculations were based on weight to
ensure accuracy.
When collecting the raw NMR data many integral regions/peaks were collected to
ensure that the concentration values determined were consistent across the species un-
der investigation, and so ensuring accuracy. The overall reaction rate constant for
nitromethane-d3 was determined to be 0.206 l mol−1 min−1 with a small absolute av-
erage error of 0.00178 mol l−1. The reaction rate constant measured of value 0.204 l
mol−1 min−1 was based on the disappearance of the benzylic proton (CH2) in phenacyl
bromide with a small absolute average error of 0.00156 mol l−1, whereas the 0.208 l
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mol−1 min−1 was based on the disappearance of aromatic protons on the benzene ring
in phenacyl bromide with a small absolute average error of 0.0013 mol l−1. The reac-
tion rate constants obtained are within experimental error and this is further proved
by the very low absolute average errors achieved and the quality of fits between the
experimental data and estimation data fits, which equates to ± 1% error.
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Figure 3.7: Experimental data for the four reactions used (R1, R2, R3 and R4) in nitromethane-
d3 at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concen-
tration [1], the red squares represent pyridine concentration [2], the green circles represent the
product concentration [3] and the purple crosses show the sum of phenacyl bromide and product
concentrations (mass balance), illustrating that there are no other reactions occurring. The initial
concentrations of phenacyl bromide and pyridine used can be found in Appendix C.
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Figure 3.8: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in nitromethane-d3 at 25 ◦C,
where k is 0.206 l mol−1 min−1. Experimental values are the symbols and the model calculations
are represented by the continuous curve. Experiment R1: is represented by the black line and
blue triangles; R2: black line and red squares; R3: black line and green circles; and R4: black
line and purple crosses.
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Table 3.17: Dielectric constants for the non-deuterated solvent at 25 ◦C except where indicated
* at 20 ◦C [52], dipole moment (μ) in Debye units at 25 ◦C, Dimroth-Reichardt normalised solvent
polarity scale ENT at 25 ◦C and 1 atm [4, 5], experimental reaction rate constants (l mol−1 min−1)
determined and average absolute error (AAE in mol l−1) for the reaction of phenacyl bromide and
pyridine to form the product N -phenacyl pyridium bromide in 10 solvents at ambient conditions
by 1H NMR.
Solvent εr μ (D) ENT k AAE 10−3
at 25 ◦C [4, 5] (l mol−1 min−1) (mol l −1)
Dimethylsulfoxide-d6 46.45 4.10 0.444 0.871 1.14
Nitromethane-d3 35.87 3.46 0.481 0.206 1.78
Acetonitrile-d3 35.94 3.44 0.460 0.156 1.73
Acetone-d6 20.56 2.69 0.355 0.0744 1.53
1,1,2,2-Tetrachloroethane-d2 *8.42 1.33 0.269 0.0481 4.43
Ethanol-d6 24.55 1.66 0.654 0.0180 6.63
Tetrahydrofuran-d8 7.58 1.75 0.207 0.0155 0.67
Methanol-d4 32.66 2.87 0.762 0.0150 4.43
Chloroform-d 4.89 1.15 0.259 0.0184 8.11
Toluene-d8 2.38 0.31 0.099 0.00669 4.24
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Of the 12 solvents tested (Table 3.19) two were determined not to be suitable: water and
dichloromethane because phenacyl bromide (and the product) was not soluble.
Table 3.18: A compilation of the 12 solvents studied and the stages where they have passed as
shown by X, for step 1 an × for 1 or 2 shows that this solvent cannot be taken any further but
an ×/∼ for 3 means that the product did not dissolve or sparingly dissolved but 1 and 2 can
still be monitored.
Experimental Protocol Stages 1-7, shown in Figure 3.5
Solvent 1 2 3 4 5 6 7
Solubility Reactivity Reversibility T1 (s) 1H NMR conc data k
DCM-d2 × 1 not taken any further
D2O × 1 not taken any further
THF-d8 × 3 X X 8.4 X X X
Toluene-d8 × 3 X X 7.7 X X X
Acetone-d6 ∼ 3 X X 7.5 X X X
Chloroform-d ∼ 3 X X 6.2 X X X
1,1,2,2-TCE-d2 ∼ 3 X X 5.0 X X X
Acetonitrile-d3 X X X 8.9 X X X
Ethanol-d6 X X X 5.0 X X X
Methanol-d4 X X X 6.7 X X X
Nitromethane-d3 X X X 9.3 X X X
DMSO-d6 X reacted with
1 & I.S →
new I.S
X 12.3 X X X
Solvents that were used but where the product dissolved sparingly were acetone-d6, chloroform-
d and 1,1,2,2-tetrachloroethane-d2. To determine a reaction rate constant for these solvents
the concentration data for the reactants was used and so was the product concentration data
until the product peaks became difficult to monitor. The reaction rate constants determined
for acetone-d6, chloroform-d and 1,1,2,2-tetrachloroethane-d2 are 0.0744, 0.0184 and 0.0481
l mol−1 min−1 respectively. For the solvents in which the product did not dissolve, such as
THF-d8 and toluene-d8, only the reactant peaks/concentrations were followed and used in
the parameter estimation, determining the reaction rate constants for THF-d8 and toluene-d8
to be 0.0155 and 0.00669 l mol−1 min−1 respectively.
Solvents that readily dissolved all components were DMSO, acetonitrile, ethanol, methanol
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Table 3.19: List of solvents tested for solubility. Solvents are arranged in order of decreas-
ing polarity, relative permittivity / dielectric constant (εr) [5] all at 25 ◦C except 1,1,2,2-
Tetrachloroethane at 20 ◦C [52] and specified by solvent type i.e. NP = non-polar, DPA =
dipolar aprotic, PP = polar protic. The X symbol means that the component dissolves readily in
the given solvent, ∼ the component dissolves sparingly and × this component does not dissolve
in this solvent.
Solvent Relative Solvent Solubility Tests
Permittivity (εr) Type 1 2 3
Water 78.36 PP × X X
Dimethylsulfoxide∗ 46.45 DPA X X X
Acetonitrile 35.94 DPA X X X
Nitromethane 35.87 DPA X X X
Methanol 32.66 PP X X X
Ethanol 24.55 PP X X X
Acetone 20.56 DPA X X ∼
Dichloromethane 8.93 DPA × X ×
1,1,2,2-Tetrachloroethane 8.42 NP X X ∼
Tetrahydrofuran 7.58 DPA X X ×
Chloroform 4.98 NP X X ∼
Toluene 2.38 NP X X ×
∗reacts with phenacyl bromide
and nitromethane and of these DMSO-d6 reacted with phenacyl bromide. Nevertheless,
the overall reaction rate constant can be determined by first following the reaction of the
reactant and solvent and therefore incorporating this into the model, DMSO-d6 was used to
demonstrate this. Once DMSO-d6 had reacted with phenacyl bromide at room temperature
(Figure 3.4), it then further reacted with 1,3,5-trimethoxybenzene to form phenyl 2,4,6-
trimethoxybenzyl ketone (Figure 3.9), even though 1,3,5-trimethoxybenzene (by itself) was
stable in DMSO-d6.
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Figure 3.9: The reaction of phenacyl bromide, DMSO and 1,3,5-trimethoxybenzene to form
phenyl 2,4,6-trimethoxybenzyl ketone and regenerate DMSO.
To overcome this problem a different internal standard, dibenzyl ether was used. The reac-
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tion rate constant of the reaction of phenacyl bromide and DMSO-d6 was determined to be
0.000599 min−1 and the second-order reaction rate constant was 0.871 l mol−1 min−1.
The solvents that readily dissolved the reactants and product without any complication were
nitromethane-d3, acetonitrile-d3, ethanol-d6 and methanol-d4 and accurate reaction rate con-
stants were obtained for each solvent. The value obtained for the reaction in acetonitrile-d3
0.157 l mol−1 min−1 is relatively close to the literature value of 0.177 l mol−1 min−1 of
Halvorsen and Sonstad [47].
Methanol-d4 proved to be slightly problematic. Two reaction rate constants were determined
depending on which phenacyl bromide peak was followed; the aromatic region (7.0-7.9 ppm)
gave 0.0150 l mol−1 min−1 and the benzylic proton (CH2) region (4.5ppm) gave 0.0172 l mol−1
min−1. The benzylic protons (CH2) in phenacyl bromide appear to be consumed faster than
the hydrogens of the aromatic region. This is due to the exchange of these hydrogens with
the deuterium atom of the OD in the deuterated solvent (CD3OD). Thus as these deuterium
atoms are not visible by 1H NMR the apparent concentration of phenacyl bromide is lower
then the true concentration. It was concluded that the reaction rate constant for methanol-d4
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Figure 3.10: Proposed mechanism for the deuterium exchange from the solvent (CD3OD) with
the benzylic protons (CH2) of phenacyl bromide.
is 0.0150 l mol−1 min−1 which is the value derived from data in the aromatic region. This
value is also in good agreement and within experimental error of that of Forster and Laird
[41] (0.0145 l mol−1 min−1). This phenomenon was not seen when using ethanol-d6 as the
solvent and the reaction rate constant was determined to be 0.0180 l mol−1 min−1).
The reaction proceeded fastest in DMSO-d6 and slowest in toluene-d8, this is illustrated
graphically for the evolution of the product concentration [3], as a function of time in a
batch reactor at 25 ◦C, with an initial concentration of 0.1 mol l−1 for 1 and 0.2 mol l−1 for
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2, Figure 3.11. This can be attributed to the fact that the increasingly charged transition
state is greatly stabilised by increasingly polar solvents compared to non-polar solvents.
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Figure 3.11: Time evolution of the product concentration [3] in different solvents. The calcu-
lated concentration of 3 is plotted as a function of time (min) for a batch reactor in 10 solvents
at 25 ◦C, based on the experimental reaction rate constants in Table 3.17, and an initial concen-
tration for 1 as 0.1 mol l−1 and 2 as 0.2 mol l−1.
There are a many examples of ways to measure solvent polarity, some physical constants used
are; the relative permittivity also known as the dielectric constant (εr) the dipole moment
(D) and refractive index and there are some experimentally determined solvent polarity scales
[56] such as; the Dimroth and Reichardt ET(30) and ENT [4, 5]; the Gutmann Acceptor (AN)
and Donor number (DN) which measures the strength of a solvent as a Lewis acid or base; the
Fawcett acidity (Ap) and basicity (Bp) values, which are obtained from the solvation energy
of monoatomic ions interpreted using the mean spherical approximation [137]; the Hansen
Solubility Parameters (δd is the dispersion contribution to δ, δp is the polar contribution to δ
and δh is the hydrogen bonding contribution to δ where δ is the Hildebrandt solubility para-
meter); Catalan’s SPP solvent polarity/polarisability scale [140, 142, 143] (solvent polarity
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(SP), dipolarity (SdP), solvent acidity (SA) and the solvent basicity (SB) scale) solubility
parameters); the Kamlet-Taft solvent parameters of α (hydrogen bond donor), β (hydrogen
bond acceptor) and π∗ (polarisability); and the orthogonal solvent “acity” (anion solvation)
and “basity” (cation solvation) properties by Swain et al. [144].
To show the relationship between solvent polarity and the reaction rate constants, a few of
the former have been selected and shown graphically for the logarithm of the experimental
reaction rate constant (log kexp) against relative permittivity/dielectric constant (εr), the
dipole moment (D) and Dimroth and Reichardt ENT . A plot of log kexp against the relative
permittivity (εr) [4, 5, 52] is shown in Figure 3.12 with an R2 value of 0.60. When the alco-
hols (methanol-d4 and ethanol-d6) are excluded this improves the R2 value to 0.92 and the
R2 value is further improved to 0.96 when 1,1,2,2-tetrachloroethane-d2 is removed. Another
measure of solvent polarity is the dipole moment (μ) which is shown against the logarithm
of the experimental reaction rate constant (log kexp) in Figure 3.13 with an R2 value of 0.72.
When methanol-d4 is removed this improves the R2 value to 0.89 and the R2 value is further
improved to 0.94 by removal of 1,1,2,2-tetrachloroethane-d2.
The Dimroth and Reichardt polarity scale of ET(30) is the wavenumber determined of the
absorption maximum for pyridinium N -phenolate betaine dye as a measure of the ionising
power of solvents [4, 5]. It is converted to kcal mol−1 (2.86 × 104 λ−1) to give ET and norm-
alising this scale from tetramethylsilane (TMS) as 0 to water as 1, gives the ENT [4, 5]. Figure
3.14 shows a plot of ENT against the logarithm of the experimental reaction rate constants
(log kexp) where R2 = 0.043, when the alcohols (methanol and ethanol) are removed the R2
value improves to 0.84 and this is further improved by the removal of DMSO-d6 whereby R2
value improves to 0.96.
From these Figures 3.12, 3.13, 3.14, it can be seen that the best representative of solvent po-
larity for this Menschutkin reaction is the dipole moment. Although these are overall trends
of increasing reaction rate constant with increasing relative permittivity, dipole moment and
ENT , several solvents, especially the protic (methanol and ethanol) and chlorinated solvents
(1,1,2,2-tetrachloroethane and chloroform), do not follow this trend.
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Figure 3.12: Plot of the logarithm of the experimental reaction rate constant (log kexp) against
the relative permittivity / dielectric constant (εr) at 25 ◦C, [4, 5] except 1,1,2,2-tetrachloroethane
at 20 ◦C [52].
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Figure 3.13: Plot of the logarithm of the experimental reaction rate constant (log kexp) against
the dipole moment (μ) in units of Debye (D) at 25 ◦C.
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Figure 3.14: Plot of the logarithm of the experimental reaction rate constant (log kexp) against
Dimroth and Reichardt’s ENT [4, 5] solvent polarity scale at 25 ◦C and 1 atm.
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3.5.1 Regressed Solvatochromic Equation
In order to get a more satisfactory and quantitative relationship between solvent properties
and reaction, the use of a linear free energy relationship (LFER) was investigated in the
form of the solvatochromic equation. Using the values in Table 3.20 and the reaction rate
Table 3.20: Solvent descriptors used in the solvatochromic equation, where α, β, π∗ are the
Kamlet-Taft parameters of polarity or polarisability, acidity and basicity respectively [53–56], A,
B, S are the Abraham descriptors of polarity or polarisability, acidity and basicity respectively
[57], δ is either equal to 1, 0.5 or 0.0 for aromatic, polyhalogenated or nonhalogenated solvents
respectively and the Hildebrand solubility parameter δ2H with units of MPa, is a measure of the
solvent-solvent interaction, the cohesive energy density.
Solvent Kamlet-Taft Abraham δ δ2H
(α β π∗) (A B S) (MPa)
DMSO 0.00 0.76 1.00 0.00 0.97 1.72 0.00 26.75
Nitromethane 0.22 0.06 0.85 0.06 0.31 0.95 0.00 25.76
Acetonitrile 0.19 0.40 0.75 0.07 0.32 0.90 0.00 24.05
Acetone 0.08 0.43 0.71 0.04 0.49 0.70 0.00 19.73
1,1,2,2-Tetrachloroethane 0.00 0.00 0.95 0.16 0.12 0.76 0.50 18.90
Ethanol 0.86 0.75 0.54 0.37 0.48 0.42 0.00 26.13
THF 0.00 0.55 0.58 0.00 0.48 0.52 0.00 18.97
Methanol 0.98 0.66 0.60 0.43 0.47 0.44 0.00 29.59
Chloroform 0.20 0.10 0.58 0.15 0.02 0.49 0.50 18.92
Toluene 0.00 0.11 0.54 0.00 0.14 0.52 1.00 18.32
constants in Table 3.17, the following solvatochromic equation was regressed using Equation
(2.16) for the Menschutkin reaction of phenacyl bromide and pyridine for the ten solvents
studied;
log k = −3.80 + 1.78S − 0.92δ + 0.08A− 1.02B − 0.003δ
2
H
100 . (3.21)
This shows that the second-order reaction rate constant (k) is increased by solvents with
relatively significant S values e.g. dipolar aprotic solvents, decreased by non-aromatic solvents
(small δ values), basic solvents, B values and A is almost negligible. The small but significant
value of B, the hydrogen bond basicity is consistent with the presence of a weak nucleophilic
solvent in the reaction. Increasing the cohesive pressure (as given by δ2H) increases k to a
small extent because of the electrostriction of the reactants solvent shell proceeding from
neutral reactants to a dipolar activated complex [5].
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3.5.2 Average Absolute Percentage Error
The average absolute percentage error (AAPE) for log k was calculated to be 2.16 % using
the following equation;
AAPE = 1
N
N∑
i=1
(
| log kpred,i − log kexp,i|
log kexp,i
)
∙ 100%, (3.22)
All values for the parameters S, δ, A, B and δ2H , can be found in Table 3.20. The good quality
of fit obtained from this relationship can be be seen graphically by the predicted reaction
rate constants (log kpred) against the actual experimental reaction rate constants (log kexp),
Figure 3.15, where R2 = 0.98.
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Figure 3.15: Experimental reactions rate constants (log kexp) against the predicted reaction
rate constants (log kpred), for the reaction of phenacyl bromide and pyridine, obtained using the
solvatochromic equation (2.16). The black line shows the linear trend and the red-dashed line is
the y = x line.
To compare to the above regressed solvatochromic Equation (3.21) the solvatochromic equa-
tion was regressed using Equation (2.15) and the Kamlet-Taft α, β and π∗ descriptors as,
log k = −5.89 + 1.51π∗ − 0.57δ − 1.18α− 0.10β + 9.51δ
2
H
100 . (3.23)
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The regressed solvatochromic equation is similar to equation (3.21) in that it shows that
the second-order reaction rate constant (k) is decreased by solvents with high acidity as
indicated by α values and δ values and increased slightly by solvents with greater π∗ character
e.g. dipolar aprotic solvents. All the other characteristics have an almost negligible effect.
The high cohesive pressure (as given by δ2H) shows the reactants proceeding from neutral
reactants to a dipolar activated complex. The AAPE was determined to be 4.92 % using
equation (3.22). The quality of fit is not as good as the regressed solvatochromic equation
determined previously as shown by the predicted reaction rate constants (log kpred) against
the actual experimental reaction rate constants (log kexp), in Figure 3.16, where R2 = 0.92.
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Figure 3.16: Experimental reactions rate constants (log kexp) against the predicted reaction
rate constants (log kpred), for the reaction of phenacyl bromide and pyridine, obtained using
the Kamlet-Taft solvatochromic equation (2.15). The black line shows the linear trend and the
red-dashed line is the y = x line.
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3.6 Summary of Work
A systematic experimental methodology for obtaining reliable quantitative kinetic data which
has successfully been tested on the SN2 Menschutkin reaction of phenacyl bromide and pyrid-
ine has been shown in this Chapter. Reaction rate constants for this reaction in the follow-
ing deuterated solvents; DMSO-d6, nitromethane-d3, acetonitrile-d3, acetone-d6, ethanol-d6,
methanol-d4, chloroform-d, THF-d8, 1,1,2,2-tetrachloroethane-d2 and toluene-d8 at ambient
temperature and pressure using in situ 1H NMR spectroscopy have been determined. The
reaction rate constants have been found to vary over two orders of magnitude depending on
the solvent used, with the reaction proceeding fastest in DMSO-d6 and slowest in toluene-
d8. The Menschutkin reaction of phenacyl bromide and pyridine favours more polar solvents
over non-polar solvents, with the reaction proceeding fastest in the dipolar aprotic DMSO-
d6 over the non-polar toluene-d8. This is because the reaction proceeds through a charged
transition-state from neutral reactants, so this charged transition-state is greatly stabilised by
more polar solvents. The solvatochromic equation (3.21) has been regressed for this reaction
in ten solvents and was found to give an excellent fit with an absolute average percentage
error of 2.16 %.
Chapter 4
The Alkylation Reaction of Sodium
β-Naphthoxide and Benzyl Bromide
In chemical reactions it is generally possible for more than one product to be formed, due to
the sheer number of atoms and the many chemical reactions that can occur, so the need to
understand and control for selectivity (the preferential formation of one product over another)
is essential. In this Chapter the alkylation reaction of sodium β-naphthoxide, an ambident
anion, and benzyl bromide is studied in nine solvents. This reaction was chosen as it was
clear from the literature [68] that depending on the solvent used a different ratio of products
was determined. The Chapter is laid out as follows: some experimental examples from the
literature are shown in Section 4.1 to show how selectivity issues are encountered regularly
in practice. This is followed by Section 4.2 on ambident anions and the early investigations
into ambident anions. Then onto Section 4.3 where the criteria used to choose a reaction,
and the reactions themselves are also discussed to make the final decision on which reactions
to investigate. This is followed by the experimental protocol, objectives and methodology in
Sections 4.4, 4.5 and 4.6 respectively. In Section 4.7 the experimental results, discussion and
analysis of results, and the regressed solvatochromic equations are shown. This Chapter is
concluded with a short summary of the work in Section 4.8.
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4.1 The Extent of Experimental Evidence for the Effects of
Solvents on Selectivity
It is widely accepted that selectivity is a challenge in organic synthesis. The sheer number of
possible combinations of atoms, and the need to prepare increasingly complex molecules for
all kinds of applications, for example pharmaceutical and agrochemical applications, means
that achieving selectivity is essential. The aim of this section is to develop an understanding
of solvent effects on selectivity and to identify a suitable reaction for further investigation of
these effects. A few examples have been found in the literature to demonstrate the effects
that solvents have on selectivity and are discussed here.
The Heck reaction is a palladium-catalysed substitution addition of an un-activated alkene,
an example being indole and n-butyl acrylate in the presence of Pd(OAc)2 as a catalyst,
in a variety of solvents with Cu(OAc)2 as the oxidant, as shown in Figure 4.1 [58]. The
reaction preferentially takes place at the C3- position in strongly coordinating solvents such
as dimethylformamide (DMF), dimethylsulfoxide (DMSO) or acetonitrile [58]. However a
change in solvent to the weaker coordinating 1,4-dioxane at first gave no results, as Cu(OAc)2
did not dissolve. Nevertheless when the oxidising agent was changed to tert-butyl benzyl
peroxide (t-BuOOBz), a 67:33 product ratio of the C2:C3 isomers was achieved. This yield
was further increased when acetic acid was added as a co-solvent which gave the C2- isomer
in a 88:13 product ratio [58]. This demonstrated that the regioselectivity of the palladium
catalysed indole alkylation can be controlled by the solvent used [58].
HN HN HN
CO2nBu
CO2nBucat. Pd(OAc)2
solvent, oxidant 70 °C
CO2nBu
C2-isomer C3-isomer
Figure 4.1: The Heck reaction of indole and n-butyl acrylate in the presence of Pd(OAc)2 as
a catalyst and Cu(OAc)2 as the oxidant to form the two regioisomers C2-isomer (3-(1H-indol-2-
yl)acrylic acid butyl ester) and C3-isomer (3-(1H-indol-3-yl)acrylic acid butyl ester) [58].
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Table 4.1: Investigation of the Heck reaction of indole functionalisation and the n-butyl acrylate
in the presence of Pd(OAc)2 as a catalyst, shown in Figure 4.1, with a variety of solvents and
Cu(OAc)2 / tBuOOBz as the oxidant to form the two regioisomers C2-isomer (3-(1H-indol-2-
yl)acrylic acid butyl ester) and C3-isomer (3-(1H-indol-3-yl)acrylic acid butyl ester [58].
Entry Catalyst Oxidant Solvent (v/v) Yield C3:C2
loading [%] (equiv) (%)
1 10 Cu(OAc)2 (1.8) DMF 54 >95:5
2 10 Cu(OAc)2 (1.8) DMSO 66 >95:5
3 10 Cu(OAc)2 (1.8) 1,4-dioxane no reaction
4 10 tBuOOBz (0.9) 1,4-dioxane 48 33:67
5 10 Cu(OAc)2 (1.8) DMF / AcOH (3:1) 54 50:50
6 20 tBuOOBz (0.9) 1,4-dioxane / AcOH (3:1) 58 13:88
7 10 Cu(OAc)2 (1.8) DMF / DMSO (10:1) 79 >95:5
8 10 tBuOOBz (0.9) MeCN / AcOH (3:1) 65 >95:5
9 10 tBuOOBz (0.9) 1,4-dioxane / AcOH / DMSO (3:1:0.4) 66 >95:5
The cyclisation reaction of ortho-trisubstituted 2-hydroxybenzophenones with caesium car-
bonate (Cs2CO3), cf. Figure 4.2, gave varying ratios of the products alkoxyxanthone and
chloroxanthone and these were determined to be solvent dependent, with solvents and per-
centage yields of the two products displayed in Table 4.2 [59]. The yield of the alkoxyxanthone
increased when the reaction was carried out in increasingly polar solvents from polar protic
solvents to dipolar aprotic solvents: methanol (MeOH 11 %) → tetrahydrofuran (THF 15 %)
→ dimethylformamide (DMF 91 %) → 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone
(DMPU 95 %) as shown in Table 4.2. However, for the other product, chloroxanthone, the re-
verse was true where yields increased with decreasingly polarity, going from a dipolar aprotic
solvent to less polar dipolar aprotic solvent to polar protic solvents: DMPU (5 %) → DMF
(9 %) → THF (85 %) → MeOH (89 %) Table 4.2.
Cl
OOiPr
Cs2CO3
solvent O
OOiPr
O
OCl
Figure 4.2: The cyclisation reaction of ortho-trisubstituted 2-hydroxybenzophenones (Cl and
OiPr, where OiPr is O-CH-(CH3)2) to give a mixture of alkoxyxanthones and chloroxanthone
[59].
The cyclisation reaction shown in Figure 4.3, with caesium carbonate as a base, gave dif-
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Table 4.2: Cyclisation reactions of chlorinated substrates with caesium carbonate (Cs2CO3) to
give mixtures of alkoxyxanthones and chloroxanthone with percentage (%) yields [59].
Solvent T (◦C) T (h) % alkoxyxanthones:chloroxanthone
DMPU 50 5 95:5
DMF 50 3 91:9
formamide 80-90 70 23:77
THF 80 30 15:85
MeOH 100 20 11:89
ferent ratios of 1,4-dialkoxyxanthone to 1,4-dichloroxanthone depending on the solvent used
[59]. The general trend for the increasing product ratio depending on the solvent for 1,4-
dialkoxyxanthone is polar protic → non-polar→ dipolar aprotic solvents, with product ratios
displayed in Table 4.3. To show this trend as a function of in polarity, the authors plotted
the logarithm of the product ratios against ENT (30) [4, 5], a measure of solvent polarity, with
results displayed in Figure 4.4. Most of the solvents follow an approximate linear trend how-
ever, the dipolar aprotic solvents, cluster together in a separate region due to their strong
donor capabilities [59].
Cl
O
O
O
OiPr
CO2Me
Cl
OiPr
OH O
O
O
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OiPr
CO2Me
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OiPr
O
O
O
O
Cl
CO2Me
OiPr
Cl
Cs2CO3
solvent
Figure 4.3: The cyclisation of the reactant with Caesium carbonate (Cs2CO3) as a base in dif-
ferent solvents gave a variable mixture of 1,4-dialkoxyxanthone and 1,4-dichloroxanthone (Table
4.3), where OiPr is O-CH-(CH3)2.
The asymmetric organocatalytic reaction of the electrophilic selenium source, N -(phenyl-
seleno)-phthalimide with propanal in the presence of 10 mol% of L-proline in DCM (0.5 M)
resulted in a clean but poorly selective selenenylation of the aldehyde (reaction scheme shown
in Figure 4.5) [60]. To optimise this reaction, different catalysts were chosen instead of
L-proline, the imidazolidinone (A) and 4-nitrobenzoic acid (B) and they both gave the α-
selenation aldehyde with an absolute (S) enantiomer [60]. This reaction was further optimised
by screening for the most effective solvent which gave the highest enantiomeric excess (ee)
of the aldehyde - Table 4.4. From the two catalysts used, B (5 mol%) was most selective
and the most effective solvent determined was toluene due to the highest ee achieved at 95
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Table 4.3: Cyclisation reaction with caesium carbonate (Cs2CO3) to give percentage (%) yields
of 1,4-dialkoxyxanthone and 1,4-dichloroxanthone [59].
Solvent ENT (30)[5] T (◦C) T (h) % 1,4-dialkoxyxanthone % 1,4-dichloroxanthone
DMPU 0.352 50 0.7 96 4
DMF 0.404 45 0.5 95 5
DMF 0.404 RT <20 94 6
DMSO 0.444 RT 8 92 8
c-C6H12 0.006 90 18 89 11
Acetone 0.355 50 2 83 17
MeCN 0.460 50 2 76 24
Digylme 0.244 50 3 76 24
Toluene 0.099 130 2.3 71 29
Pyridine 0.302 50 2 67 33
THF 0.207 80 1.7 62 38
tAmOH 0.321 90 18 34 66
[bmim]PF6 0.600 50 2.3 26 74
MeOH 0.762 80 14 4 96
MeOD 0.762 80 13 4 96
Formamide 0.799 50 24 4 96
H2O:EtOH (2:1) 0.885 80 7.5 4 96
CF3CH2OH 0.898 80 70 2 98
% even though it yielded a lower conversion and therefore longer reaction times as shown in
Table 4.4. This showed that this reaction favours non-polar (NP) solvents as the greatest
ee was achieved going from polar protic solvents (PP) to dipolar aprotic (DPA) solvents to
non-polar solvents; ethanol (PP, 0 % ee) → acetone (DPA, 80 % ee) → ethyl acetate (DPA,
95 % ee) → diethyl ether (NP, 94 % ee) → toluene (NP, 95 % ee), with the exception of
DCM which is a dipolar aprotic solvent but has a high ee of 91 %.
Another example to reiterate the role of solvents in achieving enantiomeric purity (ee) is the
bromolactonisation reaction of 4-phenyl-4-pentenoic acid with N -bromosuccinimide (NBS)
catalysed by dimeric cinchona alkaloid, shown in Figure 4.6, studied by Jones et al. [61].
This is a broadly applicable system for asymmetric bromolactonisation, which also shows
significant enhancement of rate and enantioselectivity with carboxylic acid additives such
as benzoic acid. To optimise the solvent condition, solvent screening was performed using
pure solvents and solvent mixtures, with conditions displayed in Table 4.5. This is the usual
method as most groups perform solvent screening. For example, Jaganathan et al. [230]
studied a different reaction type and chose chloroform, acetonitrile, carbon tetrachloride
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Figure 4.4: Product selectivity of 1,4-dialkoxyxanthone and 1,4-dichloroxanthone as a function
of solvent polarity (ENT (30) [4, 5]), based on data adapted from [59].
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Figure 4.5: The α-selenation reaction of propanal with N -(phenylseleno)phthalimide to yield
the α-seleno aldehyde (S) enantiomer where either catalyst imidazolidinone A∙DCA or catalyst
B∙p-NO2C6H4COOH was used to yield the product α-seleno aldehyde [60].
2,2,2-trifluoroethanol and a mixture of acetonitrile and carbon tetrachloride to undergo the
solvent screening. They justified the choice of solvent as the one with the highest ee of 90
%, achieved with 2,2,2-trifluoroethanol. It was found by Jones et al. that the solvent which
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Table 4.4: Conversion and ee (%) obtained during the solvent screening for the α-selenelation
reaction to α-selenoaldehydes (10 mol % of catalyst at -20 ◦C for 1h), where solvents are listed
in order of decreasing ee for each catalyst. [60].
Solvent Conversion (%) ee (%)
a) with catalyst imidazolidinone A∙DCA
DCM > 95 94
Toluene 47 90
Acetone 85 87
THF 50 70
b) with catalyst B∙p-NO2C6H4COOH
Toluene 20 95
Diethyl ether 23 94
DCM 65 91
Ethyl acetate 15 90
Chloroform 17 90
Acetone 29 80
Ethanol - -
gave the highest ee of 82 % was toluene. Toluene was chosen over carbon tetrachloride as it
is an inexpensive and environmentally benign solvent: a ‘greener’ solvent [231]. To show this
relationship the relative permittivity / dielectric constant (εr) against ee has been plotted
and displayed in Figure 4.7. It can be seen that the enantiomer ratio (e.r) increases as the
dielectric constant decreases, therefore showing that this reaction favours non-polar solvents.
Unfortunately, the ee could not be increased further by using greater amounts of cyclohexane
/ hexane due to the limited solubility of the reagents.
Table 4.5: Bromolactonisation enantioselectivities for the reaction scheme in Figure 4.6 in
different solvents and solvent mixtures, where (εr) is the solvent dielectric constant at 25 ◦C
(given where known [5]), e.r is the enantiomer ratio and ee is the enatiomeric excess [61].
Solvent System εr e.r. ee
Toluene 2.38 91:9 82
Chloroform 4.89 80:20 60
Chlorobenzene 5.62 78:22 56
1,2-Dichloroethane 10.36 65:35 30
Methanol 32.66 no reaction
Chloroform:Hexane (1:1) - 80:20 60
Chloroform:Water (8:1) - 80:20 60
Tolene:Chloroform (1:1) - 85:15 70
‘wet’ Toluene - 92:8 84
Toluene:Cyclohexane (1:1) - 92:8 84
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(DHQD)2PHAL (10 mol %)
NBS  (1.1 eq.)
benzoic acid (1.0 eq.)
solvent, -20 °C
CO2H
O
Br
O
N N
O O
N
N
MeO
N
OMe
NEt
Et
(DHQD)2PHAL
Figure 4.6: The bromolactonisation reaction of 4-phenyl-4-pentenoic acid with
N -bromosuccinimide (NBS) catalysed by dimeric cinchona alkaloid [61].
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Figure 4.7: The e.r (enantiomer ratio) against the solvent dielectric constant (εr) at 25 ◦C for
the bromolactonisation reaction [61].
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4.2 Solvent Effects and Ambident Anions
An ambident anion [232] or ambifunctional [233, 234] anion is a nucleophilic anion which
has at least two sites where a reaction can occur. These sites have a high electron density
and this can be shown more clearly in a graphic cf. Figure 4.8, where the movement of
electrons forms the resonance or mesomeric structures. These ambident anions are capable
O O
O O O
C N C N
C N C NS S
N
C O N C O
O N O O
N O
N O N O
a)
b)
c)
d)
e)
f)
g)
Figure 4.8: Examples of ambident anions: a) cyanide ion, b) thiocyanate ion, c) nitrite ion, d)
cyanate ion, e) 2-hydroxypyridine ion, f) phenoxide ion, g) naphthoxide ion, where the negative
charge or lone pair show the sites of dual attack on the ion, adapted from [5, 67, 68].
of forming two products (due to the different reactions sites) in nucleophilic reactions with
electrophilic reactants [5]. Many factors contribute to which product is formed; some of these
are the structure of the alkylating agent, counterion, additives (catalysts etc.), concentration,
temperature, pressure, leaving group and the effect of the solvent [5]. The effects that solvents
have on ambident anions are discussed in more detail in this section.
4.2.1 Early Investigations
As early as 1909, Acree [83] first described the studies on the O / N esterification alkylation of
haloalkanes, such as iodoethane with salts of urazoles (1-phenyl-4-methylurazole), as shown
in Figure 4.9, and the possibility that the change of the solvent may cause a change in the
ratio of the products. Unfortunately it is not mentioned in the paper what solvents were used
and which solvents caused this.
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Figure 4.9: The reaction of 1-phenyl-4-methylurazole and iodoethane to form the N–
esterification alkylation product of 1-ethyl-4-methyl-2-phenyl-[1,2,4]triazolidine-3,5-dione and
the O–esterification alkylation product of 5-ethoxy-4-methyl-2-phenyl-2,4-dihydro-[1,2,4]triazol-
3-one, adapted from [83].
In the 1920’s Gomberg and Buchlar [84] carried out esterification reactions using different re-
actants (sodium benzoate, benzyl propionate, benzyl butyrate, benzyl lactate, benzyl phenyl
acetate, benzyl cinnamate, benzyl salicylate, dibenzyl succinate, phenol, 1- / 2-naphthol and
different amines) in various solvents but predominately in aqueous solution. All reactions
produced only ethers except the reactions of molten phenol with benzyl chloride and the
reactions of 1- / 2-naphthol and benzyl chloride in water. The reaction of phenol and benzyl
chloride gave exclusively benzyl phenol and higher yields of the ether were obtained upon
the addition of copper as a catalyst. On the other hand, the reactions of 1- / 2-naphthol and
benzyl chloride in water gave a mixture of products with the C–alkylated being the major
product as shown by their yields in Figure 4.10 [84]. They concludeed that 2-naphthol (50
% yield) is more susceptible to C–alkylation than 1-naphthol (20 % yield) when using benzyl
chloride as indicated by the percentage yields [84]. This was the first time carbon alkyla-
tion had been observed and the effect that the solvent (water) had upon the reaction was
described as ‘wholly unanticipated’ [84].
In 1923, Claisen [85, 86] discovered how important the effect of the solvent was in the reaction
of phenol and 3-bromopropene in the presence of potassium carbonate, shown in Figure 4.11.
Depending on the solvent used, a different product was made: in acetone the major product
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Figure 4.10: The esterifications of a) 1-naphthol and benzyl chloride to give the products
phenyl naphthyl ether (8.5 %) and 2-phenylmethyl-1-naphthol (20 %) b) 1-naphthol and benzyl
chloride to give the products benzyl 2-naphthyl ether (5 %) and 1-benzyl-2-naphthol (50 %) [84].
formed was allyl phenyl ether whereas in non-polar solvents such as toluene or benzene,
ortho-allyl phenol was obtained as the major product [85, 86].
OH
Br K2CO3
OHO
allyl phenyl ether ortho-allyl phenyl
Figure 4.11: The reaction of phenol and 3-bromopropene in the presence of potassium carbonate
to form allyl phenyl ether and ortho-allyl phenol, where in acetone the major product was allyl
phenyl ether whereas in non-polar solvents such as toluene or benzene, ortho-allyl phenol was
obtained as the major product [85, 86].
4.2.2 The Alkylation Reactions of Pyrimidine and Pyridone Salts
Hopkins and co-workers [62–64] studied the alkylation reactions of 2-pyrimidine, 2-pyridone
and 4-pyrimidine salts, as shown in Figures 4.12, 4.13 and 4.14 respectively. The separate
studies examined the effect of the different alkylating reagents, cations, solvent and temper-
ature on the rate and selectivity of the product ratio. The work by Hopkins et al. [62] that is
most relevant to the effect of solvents and selectivity are the reactions of 2-hydroxypyrimidines
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Figure 4.12: The reactions of metal and silver salts of: a) 2-hydroxypyrimidine, b) 2-hydroxy-5-
nitropyrimidine and c) 2-hydroxy-4-methylthiopyrimidine with alkyl / benzyl halides or tosylates
(where R = methyl iodide, ethyl iodide, isopropyl bromide, isopropyl iodide, benzyl chloride,
benzyl bromide, benzyl iodide or isopropyl tosylate) in various solvents (either; DMF, DMSO,
methanol, ethanol, 2,2,2-trifluoroethanol, diglyme or THF) at ambient temperature to form the
N– or O– alkylated products, studied by Hopkins et al. [62].
N O
R X
N NO
R
O R
RX = alkyl halide / tosylates
M+ = Na+ / K+ / Ag+
M
Solvent , RT
MX
Figure 4.13: The reaction of 2-pyridone with metal salts (M⊕ = sodium, potassium or silver) in
a given solvent (DMF, diethyl ether, benzene, hexane, pentane, 1,2-dimethoxyethane, methanol
or ethanol) with alkyl / benzyl halides (methyl iodide, ethyl bromide, ethyl iodide, isopropyl
bromide, isopropyl iodide, benzyl chloride, benzyl bromide, benzyl iodide) or tosylates (ethyl
tosylate, isopropyl tosylate) at room temperature to form the O– or N– alkylation products,
studied by Hopkins et al. [63].
(2-hydroxypyrimidine, 2-hydroxy-5-nitropyrimidine and 2-hydroxy-4-methylthiopyrimidine)
with alkyl halides, benzyl halides, and tosylates as shown in Figure 4.12. From these reac-
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Figure 4.14: The reaction of the metal (sodium, lithium, potassium or silver) salts of: a)
4-hydroxypyrimidine, b) 2-methyl-4-hydroxypyrimidine, c) 2-ethyl-4-hydroxypyrimidine and d)
2-trifluoromethyl-4-hydroxypyrimidine with alkyl halides (R-X) which are either methyl iodide
(MeI), ethyl bromide (EtBr) or isopropylbromide (iPrBr) in different solvents, to form alkylation
products at either the N atom or the O atom, as studied by Hopkins et al. [64].
tions either N– or O– alkylation products occurred, with N– products being the most favoured
and no C–alkylation took place. In this study they looked at the effect of the solvent on these
reactions. The solvents studied were representative solvents from alcohols, ethers, hydrocar-
bons, DMF, DMSO, acetonitrile, ethyl acetate and water. They determined that the nature
of the solvent had little effect on the product distribution in the methylations and ethylations
but that the solvent had a large effect on the rate of reaction [62]. The rates of reaction were
very solvent-dependent with reactions proceeding fastest in DMF and DMSO, medium-paced
reactions in methanol and ethanol, and the slow reactions in 1,2-DME. Reactions did not
occur in ethyl acetate, acetone, acetonitrile or alkanes as shown in Table 4.6.
Hopkins et al. [63] studied the alkylation reactions of sodium and silver salts of 2-pyridone in
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Table 4.6: The solvent influence on the yields of ethylation of the sodium salts of
2-hydroxypyrimidine and 2-hydroxy-4-methylthiopyrimidine (reaction scheme shown in Figure
4.12) at ambient temperature, as studied by Hopkins et al. [62]. Unfortunately no specific
product yields were determined by the authors in the different solvents as this paper was focus-
ing on the different alkyl halides and cation affects on the product ratio and were all carried out
in DMF.
Substrate Solvent Time (days) Yield (%)
2-hydroxypyrimidine DMF 2 84
2-hydroxypyrimidine Methanol 5 60
2-hydroxypyrimidine Ethanol 5 50
2-hydroxypyrimidine 2,2,2-TFE 5 16
2-hydroxypyrimidine Diglyme 5 36
2-hydroxypyrimidine THF 5 6
2-hydroxy-4-methylthiopyrimidine DMF 1 100
2-hydroxy-4-methylthiopyrimidine DMSO 1 96
2-hydroxy-4-methylthiopyrimidine Methanol 5 84
2-hydroxy-4-methylthiopyrimidine Ethanol 5 42
2-hydroxy-4-methylthiopyrimidine Diglyme 5 16
different solvents as shown in Figure 4.13 with product percentage ratios displayed in Tables
4.7 and 4.8 respectively. Taking methyl iodide as the alkylation reagent and the silver salt
of 2-pyridone in DMF the reaction favours N–alkylation whereas in benzene and hexane the
O–alkylation is favoured and in diethyl ether it is almost a 50:50 ratio of products.
Table 4.7: The yields and product composition, for the alkylation reactions of the sodium salt
of 2-pyridone with different alkylating reagents (reaction scheme shown in Figure 4.13) at room
temperature, as studied by Hopkins et al. [63] in different solvents.
Product Composition (%)
Alkyl halide Solvent Yield (%) N–Alkyl O–Alkyl 2-Pyridone
EtBr DMF 94 77 23 0
EtBr MeOH 80 66 5 29
EtBr DME 88 87 6 7
i-PrI DMF 90 30 61 9
i-PrI MeOH 100 14 30 56
i-PrI EtOH 86 27 54 19
i-PrI DME 32 44 50 6
Another example studied by Hopkins et al. [64] was the methylation of the sodium salt of
2-methyl-4-hydroxypyrimidine as shown by b) in Figure 4.14. The reaction was studied in 11
different solvents but only N–1 and N–3 alkylation occurred. No ether (O–) alkylation was
detected. The product ratios are displayed in Table 4.9.
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Table 4.8: The yields and product composition, for the alkylation reactions of the silver salt
of 2-pyridone with different alkylating reagents (reaction scheme shown in Figure 4.13) at room
temperature, as studied by Hopkins et al. [63] in different solvents.
Product Composition (%)
Alkyl halide Solvent Yield (%) N–Alkyl O–Alkyl 2-Pyridone
MeI DMF 81 74 12 14
MeI Ether 81 37 42 21
MeI Benzene 99 3 97 0
MeI Hexane 94 3 97 0
EtBr DMF 80 20 38 42
EtI DME 90 27 54 19
EtI Ethanol 91 1 80 19
EtI Ether 93 1 96 3
EtI Benzene 93 0 100 0
EtI Benzene 100 0 100 0
PhCH2Br DMF 85 54 46 0
PhCH2Br Benzene 100 0 100 0
PhCH2Br Pentane 100 0 100 0
PhCH2Br DMF - no alkylation 100
i-PrBr Benzene 100 0 100 0
i-PrI Hexane 100 0 100 0
Table 4.9: The yields and product composition, for the methylation reaction of 2-methyl-4-
hydroxypyrimidine with methyl iodide (reaction scheme shown by b) in Figure 4.14) at 40 ◦C
studied by Hopkins et al. [64] in 11 solvents where only N–1 and N–3 alkylation occurred and
no ether (O–) alkylation was detected.
Product Comp. (%)
Solvent Time (days) Yield (%) N–3 N–1 O–
Formamide 7 86 53 47 0
Water 2 62 45 55 0
DMSO 7 76 84 16 0
DMF 3 96 80 20 0
MeOH 5 89 66 34 0
Acetone 11 99 38 62 0
n-BuOH 8 91 46 54 0
i-PrOH 8 81 53 47 0
t-BuOH 60 82 36 64 0
EtOAc 8 88 12 88 0
THF 240 47 0 100 0
From all of these ambident anion studies performed by Hopkins et al. [62–64] similar conclu-
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sions can be drawn: the reactions proceeded fastest in solvents with ion-solvating properties.
This is based on the percentage yields of the products after a certain number of days, as
shown in Table 4.6, whilst reactions proceeded slowest in solvents with poor ion-solvating
properties; the temperature variation between 25 - 80 ◦C did not influence the product dis-
tribution but steric effects were determined to be the ‘single most important influence’ on the
product ratios [62]. This point was also further iterated in the 4-hydroxypyrimidine study
where temperature variation (20 - 90 ◦C) had negligible effect on the product distribution
as it only aided product decomposition at the higher temperatures; and finally, alkylation
predominately occurred at the N atom over the O atom due to nitrogen being more elec-
tronegative than oxygen. Temperature has no effect on product distribution according to
the previous studies and neither does pressure (up to 1360 atm) according to the study by
Brower et al. [235] of the alkylation of ambident anions including the n-butylation of the
sodium salt of 2-pyridone.
4.2.3 The Alkylation Reactions of Aryl Halides with Metal Pyrroles
Hobbs et al. [65] studied the reactions of pyrrole salts (K+, Na+, Li+ and (CH3)3NC6H+5 )
with a) allyl bromide, b) crotyl bromide and c) benzyl chloride as shown in Figure 4.15.
The reactions were studied under heterogenous and homogenous conditions with results dis-
played in Tables 4.10 and 4.11 respectively. The authors were investigating the effects of
the cation and the solvent on these reactions and the varying amounts of 1– or 2– alkyl
products, N– versus C–alkylation, achieved depending on the different conditions employed.
The works most relevant to this thesis are the reactions studied under homogenous, liquid
phase conditions in the solvents DMSO, DMF, THF and toluene with the different pyrroles
with product compositions shown in Table 4.11. There were two reactions in particular that
showed the greatest variation in solvent effects. The first was where a) allyl bromide was
the halide and sodium was the cation, as indicated by the product ratio of 1-alkyl:2-alkyl %
in the following solvents, toluene (80.2:19.8 %) → DMSO (79.1:20.9 %) → DMF (66.6:33.4
%) → THF (19.9:80.1 %). The second reaction was where c) benzyl bromide was the halide
and lithium was the cation, where the greatest increase in the 2-alkylation product was from
polar solvents to less polar solvents as indicated by the dielectric constant: DMSO (99:1
%) → DMF (98.6:1.4 %) → THF (19.2:80.8 %) → toluene (56.5:43.5 %), shown in Table
4.11. The general conclusions the authors established are applicable to both heterogenous
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Figure 4.15: The reactions of pyrrole salts (potassium, sodium, lithium or trimethylphenylam-
monium ion) of: a) allyl bromide, b) crotyl bromide and c) benzyl chloride, as studied by Hobbs
et al. [65].
and homogenous conditions. The authors determined a general trend that for a given metal
salt, under heterogenous or homogenous conditions, the most polar solvents gave the highest
percentage of the 1-alkylation product and the least polar solvents gave the lowest percentage
yields of the of 1-alkylation product. The authors concluded that for a given solvent under
heterogenous or homogenous conditions, the relative percentage yield of the 1-alkylation in-
creased with the decreasing coordinating ability of the cation, in the order of Li+ < Na+ <
K+ < (CH3)3NC6H+5 .
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Table 4.10: Overall yield and product percentages for the reactions of pyrrylmetal salts with
allyl bromide, crotyl bromide or benzyl chloride at 65 ◦C under heterogeneous conditions, as
studied by Hobbs et al. [65].
Total (%) Relative (%)
Solvent (εr) Cation Halide Yield 1-Alkyl 2-Alkyl
Under Heterogeneous Conditions
1 THF 7.58 K+ Allyl 75 81 19
2 THF 7.58 K+ Crotyl 43 79 21
3 THF 7.58 (CH3)3NC6H+5 Allyl 4 96 4
4 THF 7.58 (CH3)3NC6H+5 Benzyl 92 99.5 0.5
5 1,4-dioxane 2.21 K+ Allyl 66 71 29
6 1,4-dioxane 2.21 K+ Crotyl 48 68 32
7 1,4-dioxane 2.21 K+ Benzyl 90 99.1 0.9
8 Benzene 2.27 K+ Allyl 60 15 85
9 Diisopropyl ether 3.90 K+ Allyl 55 21 79
10 Diisopropyl ether 3.90 K+ Crotyl 48 19 81
11 Diisopropyl ether 3.90 K+ Benzyl 40 65 35
12 Toluene 2.38 K+ Allyl 60 14 86
13 Toluene 2.38 K+ Crotyl 51 13 87
14 Toluene 2.38 Na+ Allyl 27 5 95
15 Toluene 2.38 Li+ Allyl 14 1 99
16 Toluene 2.38 (CH3)3NC6H+5 Allyl 13 23 77
17 Toluene 2.38 K+ Benzyl 39 55 45
18 Toluene 2.38 (CH3)3NC6H+5 Benzyl 44 92 8
19 Cyclohexane 2.02 K+ Allyl 54 13 87
20 Methylcyclohexane 2.02 K+ Allyl 53 13 87
21 n-heptane 1.92 K+ Crotyl 51 14 86
22 1,2-dimethoxyethane 7.20 K+ Allyl 67 81 19
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Table 4.11: Overall yield and product percentages for the reactions of pyrrylmetal salts with
allyl bromide, crotyl bromide or benzyl chloride at 65 ◦C under homogeneous conditions, as
studied by Hobbs et al. [65].
Total (%) Relative (%)
Solvent (εr) Cation Halide Yield 1-Alkyl 2-Alkyl
Under Homogeneous Conditions
23 DMSO 46.45 K+ Allyl 47 92.2 7.8
24 DMSO 46.45 Na+ Allyl 43 79.1 20.9
25 DMSO 46.45 Li+ Allyl 47 56.3 43.7
26 DMSO 46.45 K+ Benzyl 80 100 0
27 DMSO 46.45 Na+ Benzyl 72 100 0
28 DMSO 46.45 Li+ Benzyl 56 99 1
29 DMF 36.71 K+ Allyl 49 91.3 8.7
30 DMF 36.71 Na+ Allyl 43 66.6 33.4
31 DMF 36.71 Li+ Allyl 49 54.3 45.7
32 DMF 36.71 Li+ Benzyl 37 98.6 1.4
33 THF 7.58 K+ Allyl 54 83.1 16.9
34 THF 7.58 Na+ Allyl 50 19.9 80.1
35 THF 7.58 K+ Benzyl 76 99.7 0.3
36 THF 7.58 Na+ Benzyl 70 84.3 15.7
36 THF 7.58 Na+ Benzyl 73 91.5 8.5
37 THF 7.58 Li+ Benzyl 35 19.2 80.8
37 Toluene 2.38 K+ Allyl 44 84 16
38 Toluene 2.38 Na+ Allyl 42 80.2 19.8
38 Toluene 2.38 Li+ Allyl 40 62.3 37.7
39 Toluene 2.38 (CH3)3NC6H+5 Benzyl 46 99.1 0.9
39 Toluene 2.38 K+ Benzyl 44 83.2 16.8
40 Toluene 2.38 Na+ Benzyl 45 58.2 41.8
40 Toluene 2.38 Li+ Benzyl 40 56.5 43.5
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4.2.4 The Alkylation Reactions of Sodium Phenoxide and Sodium β- Naph-
thoxide
Kornblum et al. [67, 68, 221, 232, 236–238] have studied the effects of solvents on alkylation
reactions extensively. A few of these alkylation reactions are:
• sodium phenoxide with a) 3-chloropropene, b) allyl bromide (1-bromoprop-2-ene) or
c) benzyl chloride, Figure 4.16 [67]. In most solvents studied the oxygen alkylation
O-Na+
Br
Cl
Cl
O OH OH
NaCl
O OH OH
NaBr
OBn OH OH
NaCl
Bn
Bn
a)
b)
c)
Figure 4.16: The reactions of a) sodium phenoxide and 3-chloropropene, b) sodium phenoxide
and ally bromide and c) sodium phenoxide and benzyl chloride, where Bn is -CH2-C6H5, in
various solvents at 27 ◦C, except where noted, all values shown in Table 4.12 [67].
product was formed in yields greater than 91 %, however, in water, fluorinated alcohols
(2,2,3,3-tetrafluoro-1-propanol, 2,2,2-trifluoroethanol) or liquid phenol, the amount of
carbon alkylated product greatly increased, as can be seen in Table 4.12. However, the
reaction where molten phenol was used as the solvent was performed at 43 ◦C so this
is not comparable to the other reactions which were performed at 27 ◦C as the reaction
rate would have increased but the selectivity could also have been altered due to the
increased temperature.
4. The Alkylation Reaction of Sodium β-Naphthoxide and Benzyl Bromide 168
Table 4.12: Oxygen and carbon alkylation yields for the reactions of sodium phenoxide with
haloalkanes at 27 ◦C except where otherwise noted [66, 67].
Solvent % O–Alkylation % C–Alkylationa)
a) Reaction of sodium phenoxide with 3-chloropropene
DMF 100 0
1,4-dioxane 100 0
Ethanol 100 0
Methanol 100 0
1,2-DME 99 trace
THF 96 trace
2,2,3,3-tetrafluoro-1-propanol 58 37
Water 49 41
Phenolb) 22 78
b) Reaction of sodium phenoxide with 3-bromopropene
t-butyl alcohol 100 0
1,2-DME 100 trace
methanol 96 0
THF 94 trace
1,4-dioxane 93 0
1-propanol 93 0
DMF 91 0
Water 51 38
2,2,2-trifluoroethanol 37 42
Phenolb) 23 77
c) Reaction of sodium phenoxide with benzyl chloride
DMF 100 0
1,4-dioxane 100 0
1,2-DME 100 0
Methanol 100 0
1-propanol 100 0
THF 100 0
Water 65 24
2,2,2-trifluoroethanol 62 26
Phenolb) 22 69
a) Dialkylated products are included
b) Reaction at 43 ◦C
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• sodium β-naphthoxide with a) 1-bromopropane, b) methyl iodide or c) benzyl bromide,
as shown in Figure 4.17. All carbon and oxygen alkylated products are shown in Table
4.13 [68]. It can be seen that in dipolar aprotic solvents (DMF, DMSO) the reaction
Br
Br
NaBr
O-Na+ MeI
OHO
NaI
OHO
NaBr
OHO
a)
b)
c)
Figure 4.17: The reactions of a) sodium β-naphthoxide and 1-bromopropane, b) sodium β-
naphthoxide and methyl iodide and c) sodium β-naphthoxide and benzyl bromide in various
solvents at 27 ◦C, except where noted, all values shown in Table 4.13 [68].
favours the oxygen alykylation products whereas in increasingly polar protic solvents
(ethanol→ methanol→ water→ 2,2,2-trifluoroethanol) the carbon alkylation products
are predominately favoured [68]. This reaction shows that the ambident anion sodium
β-naphthoxide is more susceptible to the influence of the solvent than sodium phenoxide.
This reaction will be reviewed in more detail later.
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Table 4.13: Oxygen and carbon alkylation yields for the reactions of sodium β-naphthoxide
with haloalkanes at 27 ◦C except where otherwise noted [68].
Solvent % O–Alkylation % C–Alkylation
a) Reaction of sodium β-naphthoxide with 1-bromopropane
DMFa) 98 0
1,2-DME 96 0
THF 96 0
DMSOa) 95 0
Ethanol 95 trace
Water 88 5
2,2,2-Trifluoroethanol 81 10
b) Reaction of sodium β-naphthoxide with methyl iodide
DMFb) 91 3
DMSOb) 90 4
1,2-DME 86 10
Ethanol 83 12
THF 80 13
Water 66 30
2,2,2-Trifluoroethanol 57 34
c) Reaction of sodium β-naphthoxide with benzyl bromide
DMF 97 0
DMSO 95 0
1,2-DME 70 22
Ethanol 52 28
Methanol 57 34
THF 60 36
Benzene-water 7 83
Water 10 84
2,2,2-Trifluoroethanol 7 85
a) At 35 ◦C
b) At 30 ◦C
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4.2.5 The Alkylation Reactions of Aryl Halides with Sodium β-Naphthoxide
The alkylation reactions of aryl and alkyl halides with metal naphthoxides have been studied
extensively [68, 71, 72, 84, 232]. In this section the focus will be on the reactions of sodium
β-naphthoxide and benzyl bromide or chloride, as there is no reported literature for the re-
action of sodium β-naphthoxide and benzyl iodide to date [239, 240].
The alkylation reaction of sodium β-naphthoxide and substituted benzyl bromides in vari-
ous solvents, namely dioxane, acetone and benzene-alcohol mixtures, was first studied by
Zagorevsky in 1957 [71, 72] and the 1-benzyl-2-naphthols yields obtained, reached 26 % in
dioxane, with values displayed in Table 4.16. In this work other metal naphthoxides (lithium,
potassium, thallium I, magnesium bromide) and trimethylamine were also studied with ben-
zyl bromide to determine the amount of alkylation of both products [71]. The highest yield,
29 %, of the C–derivative was found in the reaction of thallium naphthoxide with benzyl
bromide in boiling dioxane. However, magnesium bromide and naphthoxide had the highest
tendency towards the C–alkylation (25 %) as no O–alkylation product was observed [71]. In
the following study, sodium naphthoxide or phenolates and various reagents of bromide or
chloride were studied in various solvents and solvent mixtures (acetone, acetone+benzene,
boiling dioxane, boiling carbon disulfide, dichloroethane+dioxane and toluene) but predom-
inately the O–alkylation product was observed [72]. The only reaction which showed some
C–alkylation was the reaction of triphenylmethyl chloride with sodium phenoxide in boiling
dioxane to give a 22:27 % O:C % yield [72].
Continuing the study of the reaction of sodium β-naphthoxide with benzyl bromide, Korn-
blum et al. [68] studied this reaction in various solvents; DMF, DMSO, 1,2-DME, THF,
methanol, ethanol, 2,2,2-trifluoroethanol and water. The degree of O or C alkylation is
shown in Table 4.16. In the highly dipolar aprotic solvents such as DMSO and DMF, 95 and
97 % yields respectively of the 1-benzyl-2-naphthyl ether, the O–alkylation product, were
achieved, with less than 1 % carbon alkylation product. The authors postulated that in
DMSO and DMF the oxygen alkylation is favoured due to the charge transfer between the
oxygen atom and the bromide ion which is stronger than the electrostatic interactions of the
bromide ion to the sodium cation. The explanation they put forward was that the sodium
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ion is highly solvated by the highly polar solvents (the dielectric constant of DMSO is εr=
46.45 and that of DMF is εr= 36.71, both at 25 ◦C [5]) so that the Coulombic interactions are
screened.
The authors also concluded that apolar solvents have less ability to solvate the sodium ion,
so the interaction between the bromide ion and sodium cation is much stronger. Therefore
the charge transfer from the oxygen atom to the bromide ion occurs to a lesser extent and
that is why for solvents of lower polarity there is more carbon alkylation product formed.
This is shown by the solvents with lower dielectric constants such as THF (εr = 7.58 at 25 ◦C
[5]) and 1,2-DME (εr = 7.20 at 25 ◦C [5]) which exhibit higher oxygen to carbon alkylation
with ratios of 60:36 % and 70:22 %, respectively. This is due to their ability to decrease
electrostatic interactions of which the dielectric constant is a measure [241, 242].
The opposite effect is observed in polar protic solvents such as water and 2,2,2-trifluoro-
ethanol, where yields as high as 84 % and 85 % of 1-benzyl-2-naphthol, the C–alkylation
product respectively, were attained and yields of the ether product were as low as 10 %.
The authors proposed that this is due to the ability of the protic solvents to form hydrogen
bonds with the oxygen atom thus hindering oxygen alkylation [66]. The authors explained
that this is due to the oxygen atom being so intensely solvated that the availability of the
oxygen for nucleophilic displacement is greatly decreased and so carbon alkylation is more
likely [66]. The yield of the carbon alkylation product increases as the solvent becomes a
stronger proton donor as indicated by the following: ethanol 28 % → methanol 34 % →
water 84 % and 2,2,2-trifluroethanol 85 % [68]. A good measure of the solvent hydrogen
bond donor ability is Abraham’s solute acidity parameter (A) with values displayed in Table
4.14 [57]. This shows the solvent increasing hydrogen bond-donating character from the least
polar protic, ethanol, to the most polar, water. Another empirical measure of polarity is
Reichardt’s normalised ENT factor [4, 5, 69], which includes the effects of hydrogen bonding,
dipolarity and Lewis acidity as shown in Table 4.14, a similar trend to Abraham’s hydrogen
bond acidity parameter where the solvents are arranged in the same order as in the A scale
[4, 5, 69].
DMF and Methanol have relatively close dielectric constant values of 36.71 and 32.66 at 25 ◦C
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Table 4.14: Reichardt’s ENT [4, 5, 69] parameter of polarity, Abraham’s [57] hydrogen bond acid-
ity parameter and the yield of carbon alkylation (%) from the reaction of sodium β-napthoxide
and benzyl bromide [68], in four protic solvents, where 2,2,2-TFE is 2,2,2-trifluoroethanol.
Reichardt’s Abraham’s
ENT Hydrogen Acidity C–Alkylation
Solvent [4, 5, 69] Parameter (A) [57] (%) [68]
Water 1.000 0.59 84
2,2,2-TFE 0.898 0.57 85
Methanol 0.762 0.43 34
Ethanol 0.654 0.37 28
respectively [5]. However, in DMF the O–alkylation product is almost exclusively formed (97
% yield) as DMF cannot form hydrogen bonds, whereas in methanol this yield is lowered to
54 % and the C–alkylation product is also formed (34 % yield) due to methanol’s ability to
form hydrogen bonds [66].
Akabori and Tuji [70] have also studied the alkylation reaction of sodium β-naphthoxide
with benzyl bromide in water, THF, benzene, DMF and acetonitrile in the presence of two
macrocyclic polyethers, namely benzo[18]crown-6 or 4,7,13,16,21,24-hexaoxa-bicyclo-[8,8,8]-
hexacosane, shown in Figure 4.18. They found that in solvents such as DMF or acetonitrile
no effect was observed upon adding the macrocyclic polyether, whereas in THF, water and
benzene the addition of the macrocyclic polyethers resulted in the increase of the O–alkylated
product, with percentage ratios of the products shown in Table 4.15 [70]. In THF sodium
β-naphthoxide exists as ion-pairs and higher aggregates [68, 70]. In Table 4.15 it can be
seen that the reactions with the macrocyclic polyethers gave a higher O–alkylated product
yield and less C–alkylated product. This is due to the macrocyclic polyethers ability to
convert ion-pairs into separated ions and chelation to the sodium ion [70]. In solvents with
high dielectric constants the macrocyclic polyethers have little effect as the reactions already
involve free naphthoxide ions (or loose ion-pairs) and so the macrocyclic polyethers fail to
affect the alkylation production [70].
Badri et al. [87] also studied the reaction of sodium β-naphthoxide and benzyl bromide in
ionic liquids (molten tetraalyklammonium or phosphonium halides with structures displayed
in Figure 4.19) to determine the selectivity of products in ionic liquids. They found that
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Figure 4.18: The two macrocyclic polyethers: benzo[18]crown-6 and 4,7,13,16,21,24- hexaoxa-
bicyclo[8,8,8]hexacosane used in the study by Akabori and Tuji [70].
ionic liquids ‘mimic the behaviour’ of dipolar aprotic solvents such as DMF and DMSO with
yields ranging from 93 to 97 % in tetra-n-butylphosphonium bromide (n-Bu4PBr) to tetra-
n-butylammonium bromide (n-Bu4NBr) respectively. The advantages of using ionic liquids
commonly referred to as green solvents are the safety aspects associated with them; they are
non-volatile, non-toxic, non-polluting (due to low vapour pressure), easy to dry and can be
quantitatively recovered with ease after the reaction [87, 243, 244].
In summary, if the O–alkylation product (benzyl 2-naphthyl ether) is desired then dipolar
aprotic solvents with no hydrogen bonding capabilities should be used such as DMF, DMSO,
HMPT (hexamethylphosphoric triamide) [68, 245–250] or ionic liquids (molten tetraalyklam-
monium or phosphonium halides) which behave in the same way as aprotic solvents [87]. The
advantages of solely making the O–alkylation product (benzyl 2-naphthyl ether) is that it is
used for coatings in the preparation of thermal recording materials (for example, Mitsubishi
paper for fax machines and recorders) and as an aromatic solvent or sensitiser for the prepar-
ation of heat-sensitive recording materials due to its ability to stabilise colour printed images
[100, 251].
However, if the C–alkylation product (1-benzyl-2-naphthol) is favoured then polar protic
solvents with hydrogen bonding capabilities such as water, fluorinated alcohols [68] or in
the case where the reactant is phenol, the parent phenol, should be used [67]. The naph-
thalene backbone is found commonly in commercial compounds in the pharmaceutical and
agricultural industries [88]. Some known examples of these are displayed in Figure 4.20 [88];
naproxen and nabumetone (nonsteroidal anti-inflammatory drugs) [89, 90], naphazoline [91]
4. The Alkylation Reaction of Sodium β-Naphthoxide and Benzyl Bromide 175
Table 4.15: Oxygen and carbon alkylation yields, for the reaction of sodium β-naphthoxide
and benzyl bromide or methyl iodide with and without macrocyclic polyethers at 25 ◦C [70].
Solvent Catalyst Time (h) % O–Alkylation % C–Alkylation
a) Reaction of sodium β-naphthoxide with benzyl bromide
Water 1 24 12 73
2 24 60 18
3 24 77 8
THF 1 24 51 30
2 24 65 2
3 24 73 1
Benzene 1 24 1 9
2 24 58 12
3 24 76 1
DMF 1 2 87 0
2 2 89 0
3 2 90 0
Acetonitrile 1 42 63 4
2 42 60 4
3 42 58 3
b) Reaction of sodium β-naphthoxide with methyl iodide
Water 1 48 27 15
2 48 65 10
3 48 97 3
THF 1 3 79 8
2 3 94 4
3 3 51 4
Benzene 1 120 0 0
2 120 14 10
3 120 7 6
DMF 1 3 86 9
2 3 87 8
3 3 71 6
Acetonitrile 1 3 90 0
2 3 89 0
3 3 91 0
1: no catalyst
2: benzo[18]crown-6
3: 4,7,13,16,21,24-hexaoxabicyclo[8,8,8]hexacosane
(a nasal and ocular decongestant), pronethalol (a cardiovascular agent) [94], LY326315 (a
selective oestrogen receptor modulator) [95], terbinafine and naftifine (antifungal agents)
[96, 97], 1-naphthalene-acetic acid and 2-naphthoxyacetic acid (plant growth regulators)
[98, 99] and 2-naphthol and 2-naphthol derivatives are also reported as bactericides [92]
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Figure 4.19: The ionic liquids used as solvents for the reaction of sodium β-naphthoxide
and benzyl bromide where a) is tetra-n-butylphosphonium bromide (n-Bu4PBr), b) is tetra-
n-butylammonium bromide (n-Bu4NBr), c) is 1-ethyl-3-methylimidazolium bromide and d) is
tetra-n-butylphosphonium chloride [87].
and antioxidants [93].
The reaction of sodium β-naphthoxide and benzyl bromide has been investigated more thor-
oughly in the literature compared to benzyl chloride and sodium β-naphthoxide. The reaction
of benzyl chloride and sodium β-naphthoxide has been studied by some authors for further
use to make picrates [252–254] and to test the extent to which oxygen alkylation occurs
[87, 255–257] with values collated in Table 4.17. From the work of Maslak et al. [255] it can
be seen that using benzyl chloride instead of benzyl bromide gives similar results in dipolar
aprotic solvents (DMSO) as they achieved a 92 % yield of the ether product and Kornblum
et al. [68] attained a 95 % yield when using benzyl bromide.
Yadav and Tekale [100] also studied the reaction of benzyl chloride and sodium β-naphth-
oxide and achieved the benzyl-2-naphthyl ether, the O–alkylation product, exclusively when
using ionic liquids with increasing yields from trihexyl(tetradecyl)-phosphonium decanoate
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Figure 4.20: Chemical structures to show the naphthalene backbone in some known ex-
amples [88] such as naproxen and nabumetone (nonsteroidal anti-inflammatory drugs) [89, 90],
naphazoline [91] (a nasal and ocular decongestant), 2-naphthol and 2-naphthol derivatives are
reported as bactericides [92] and antioxidants [93], pronethalol (a cardiovascular agent) [94],
LY326315 (a selective oestrogen receptor modulator) [95], naftifine and terbinafine (antifungal
agents) [96, 97], 1-napthaleneacetic acid and 2-naphthoxyacetic acid (plant growth regulators)
[98, 99].
(THTDPD)(82 %) → trihexyl(tetradecyl)-phosphonium hexafluorophosphate (THTDPH)
(90 %)→ trihexyl(tetradecyl)-phosphonium chloride (THTDPC) (94 %)→ trihexyl-(tetradecyl)-
phosphonium bromide (THTDPB) (95 %). The solvent structures are displayed in Figure
4.21. Badri et al. [87] also studied this reaction using ionic liquids as solvents and achieved
almost exactly the same result regardless of whether they used benzyl chloride or benzyl
bromide with naphthoxide. However the disadvantage to using benzyl chloride over benzyl
bromide are the longer reaction times of either 24 or 48 hours (depending on the ionic liquid
used), whereas the alkylation reaction of benzyl bromide in ionic liquids was over within 2
hours with the exception of n-Bu4PCl which required 72 hours [87]. They showed that the
ionic liquids behave in the same way as dipolar aprotic solvents with increasing yields of
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Table 4.16: Product yields for the reaction of sodium β-naphthoxide and benzyl bromide based
on percentage yields of weighted products of benzyl 2-naphthyl ether (O–alkylation product) and
1-benzyl-2-naphthol (C–alkylation product) in various solvents and temperature.
Solvent εr T (◦C) Time (h) O (%) C (%) Reference
Alkylation
DMF 36.71 10-15 2.5 97 0 [68]
25 2 87 0 [70]
35 2.5 93 1 [68]
DMSO 46.45 RT 2.5 95 0 [68]
40 2.5 95 1 [68]
Acetone 20.56 56-58 1.15 82 - [72]
Acetone + benzene - 55-57 3 54 3 [72]
Acetonitrile 35.94 24 42 63 4 [70]
1,2-Dimethoxyethane 7.20 RT 1 day 70 22 [68]
THF 7.58 RT 1 day 60 36 [68]
25 24 51 30 [70]
Methanol 32.66 RT 1 day 57 34 [68]
Ethanol 24.55 RT 1 day 52 28 [68]
Dioxane 2.21 104-106 5 23 26 [71]
2,2,2-Trifluoroethanol 26.50 RT 1 day 7 85 [68]
Water 78.36 RT 1 day 10 84 [68]
Water (for 5mins) RT 5 min 8 81 [68]
25 24 12 73 [70]
Benzene 2.27 25 24 1 9 [70]
Benzene-water - RT 5 days 7 83 [68]
n-Bu4PBr - 88 2 93 7 [87]
n-Bu4NBr - 87 2 97 3 [87]
C6H11N2Br - 57 2 93 7 [87]
n-Bu4PCl - 77 72 95 5 [87]
the O–alkylation product from n-Bu4PBr (92 %) → n-Bu4PCl (93 %) → DMF (95 %) →
n-Bu4NBr (99/97 %) and the remaining yield arising from the C–alkylation product [87].
Curnow et al. [256, 257] only achieved the O–alkylation product. No C–alkylation product
was detected when using the ionic liquid [C3(NBu2)3]BF4. In this case, no yields were meas-
ured so only a qualitative analysis of the results is possible.
When using water as the solvent Gomberg and Buchler [84] achieved a 50 % yield of the
benzyl naphthol product when using benzyl chloride and 2-naphthol, whereas Kornblum et
al. [68] achieved a higher yield of 84 % of the carbon alkylated product when using benzyl
bromide as the electrophile; this shows in favour of benzyl bromide and sodium β-naphthoxide
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c) THTDPC (94 %) d) THTDPB (95%)
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Figure 4.21: The ionic liquids used in the reaction of benzyl chloride and so-
dium β-naphthoxide where a) is trihexyl(tetradecyl)-phosphonium decanoate (THTDPD)
(82 %), b) trihexyl(tetradecyl)-phosphonium hexafluorophosphate (THTDPH) (90 %),
c) trihexyl(tetradecyl)-phosphonium chloride (THTDPC)(94 %), d) trihexyl (tetradecyl)-
phosphonium bromide (THTDPB) (95 %) [100].
as this reaction appears to be more susceptible sensitive to solvent effects than benzyl chlor-
ide and sodium β-naphthoxide. To summarise, the advantages of using benzyl bromide over
benzyl chloride in studying solvent effects on these alkylation reactions are the much shorter
reaction times and so higher yields, greater safety as when using benzyl chloride, hydrogen
chloride (HCl) could be produced as a by-product and finally the increased susceptibility that
the solvent plays in determining which product is made when using benzyl bromide as the
electrophile.
From this short summary, there is plenty of evidence to show the effect that solvents have
on the selectivity of reactions. However, there is a lack of reaction rate data, the percentage
yields reported are subject to errors due to the loss of material during work-up techniques,
the lack of consistency in the temperatures at which the reactions are studied at, and also the
inconsistent reagents or additives used in the reaction. From this, the aim of the Chapter is
to carry out a systematic study that provides consistent and quantitative data on a specific
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Table 4.17: Oxygen and carbon alkylation yields for the reaction of sodium β-naphthoxide and
benzyl chloride at various temperatures and from different sources.
Solvent T (◦C) Time (h) % O–Alkylation % C–Alkylation Reference
a) Reaction of sodium β-naphthoxide with benzyl chloride
Toluene 20-90 1 - 90 [258]
Petroleum etherI 25 15 36 30 [259]
Water 110 2 50 50 ∗ [84]
TolueneII 20-90 1 88 - [258]
DMSO 25 12 92 - [255]
n-Bu4PBr 110 48 92 8 [87]
n-Bu4PCl 110 48 93 7 [87]
DMF 110 24 95 5 [87]
n-Bu4NBr 110 24 97 trace [87]
[C3(NBu2)3]BF4 25 12 assume 100% - [256, 257]
AcetonitrileIII 22 [260]
Ethanol reflux no yield or selectivity stated [252, 253]
Ethanol reflux 2-4 N/A [254]
DMSO 25 N/A [261, 262]
c) Reaction of potassium β-naphthoxide with benzyl chloride
DMSOIV 20 [263]
I with 1-cetyl-4-aza-1-azonia bicyclo[2.2.2]octane chloride
∗not explicitey stated as 50% yield
IIwith triethylbenzylammonium chloride (TEBA as a catalyst)
IIIwith tetra-n-butylammonium perchlorate (Bu4NClO4)
IV with tetra-n-butylammonium tetrafluoroborate
reaction to demonstrate selectivity at a specific temperature and pressure in different solvents.
The first task to achieving this is to select a reaction to study.
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4.3 Criteria for Selecting a Reaction
A list of criteria was developed to help identify a suitable reaction:
a) There should be a literature precedent for a significant change with a solvent
• either a change in i) rate or ii) selectivity (2 sites of attack on one reactant);
b) A selection of solvents should have already been studied;
c) The rate of reaction must be appropriate for the kinetic experiments.
• not too quick so that the reaction is too fast (less than 1 minute) to follow, nor too
slow (more than a day);
d) A preferred method of in situ monitoring rather than sampling method should be feasible;
e) To have a similar chemical system for continuity from the reaction studied in Chapter 3,
i.e. an SN2 reaction would be most desirable;
f) As ab initio quantum mechanical (QM) methods can provide insights into solvent effects,
it is favourable to have a reaction that can be modelled with relative ease.
From the criteria listed above a) - e) had to be fulfilled with f) not being vital for this exper-
imental study. The reactions from the literature search are listed in Table 4.18 against the
criteria, in order of increasing preference to be studied, where 1 is least favourable and 21 is
the most favoured.
For all the reactions discussed previously none of them meet criterion a.i) as none of the
authors were investigating the kinetics of the reactions, however, they all meet the second
criterion a.ii) of selectivity, where two or more products are formed. The second criterion b)
was to determine if the reactions were studied in more than four solvents and most reactions
passed this except reaction 1 as the authors do not not state which solvents achieved the
different products and reactions 2 and 3 were predominately studied in aqueous solvents.
Criterion c) relates to a.i) where none of the reactions were studied kinetically but there was
evidence in the literature that the reaction was monitored for longer than 1 day. This would
indicate too long a time to be studied by the kinetic methods available. For criterion d) all
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Table 4.18: The reactions are ordered by increasing suitability to be studied, where the reaction
figure is listed with the reference then the list of criteria: a) whether there is a literature precedent
for a change in the i) rate and ii) selectivity, b) whether a selection of solvents has already been
studied, c) whether there is an appropriate rate of reaction, d) whether the preferred method of
in situ monitoring is available, e) whether it is a similar chemical system to the reaction studied
in Chapter 3, an SN2 type reaction and f) whether the reaction can be studied computationally
by the method developed by Struebing et al. [51]. If the conditions are met or not met it is
marked by a X or × respectively; if they are partially met or unknown a ∼ symbol is shown.
Reaction No. Reaction Figure Ref. ai) aii) b) c) d) e) f)
1 Figure 4.9 [83] × X × ∼ ∼ X X
2 Figure 4.10a [84] × X × ∼ ∼ X X
3 Figure 4.10b [84] × X × ∼ ∼ X X
4 Figure 4.11 [85, 86] × X X ∼ ∼ X X
5 Figure 4.12a [62]a) × X X ∼ ∼ X X
6 Figure 4.12b [62]b) × X X ∼ ∼ X X
7 Figure 4.12c [62]c) × X X ∼ ∼ X X
8 Figure 4.13 [63] × X X ∼ ∼ X X
9 Figure 4.14a [64] × X X ∼ ∼ X X
10 Figure 4.14b [64] × X X ∼ ∼ X X
11 Figure 4.14c [64] × X X ∼ ∼ X X
12 Figure 4.14d [64] × X X ∼ ∼ X X
13 Figure 4.15a [65] × X X ∼ ∼ X X
14 Figure 4.15b [65] × X X ∼ ∼ X X
15 Figure 4.15c [65] × X X ∼ ∼ X X
16 Figure 4.16a [67] × X X ∼ ∼ X X
17 Figure 4.16b [67] × X X ∼ ∼ X X
18 Figure 4.16c [67] × X X ∼ ∼ X X
19 Figure 4.17a [68] × X X ∼ ∼ X X
20 Figure 4.17b [68] × X X ∼ ∼ X X
21 Figure 4.17c [68] × X X X X X X
of the products would have been characterised by analytical techniques, so they could be
monitored by 1H NMR, IR spectroscopy or possibly even UV-Vis spectroscopy. However,
this also needs to be tested on a case by case basis because when using these techniques
different peaks can overlap if the reactants and or products have similar structures. The last
criterion point is not essential for this thesis and it will not be clear how easily each reaction
can be modelled until it is tested. The final reaction (reaction 21) of sodium β-naphthoxide
and benzyl bromide as studied by Kornblum et al. [68], meets all but one of the criteria so
this will be used as the reaction going forward. Reaction numbers 4-20 in Table 4.18 lack
information on criteria c) and d) to make a thorough assessment, but could potentially be
studied in future work.
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4.4 Experimental Protocol
To determine which kinetic method to use for the reaction of sodium β-naphthoxide and
benzyl bromide a few tests were undertaken. The ideal kinetic method would be one with
near-continuous collection of data and where the two products could be identified easily. The
following techniques were tried:
• Reaction calorimetry. This was ruled out as 2 products would be formed and this meth-
odology would only show one heat profile. Following the formation of both products
throughout the reaction would not be possible, only after the reaction had finished.
Another technique would be required to determine the product ratio. In most solvents
sodium bromide precipitated and this would affect the results as the heat of precipita-
tion would need to be factored in to the calculations, therefore adding in an unknown
error. Also as these are both alkylation reactions the heat of reaction would be low
therefore there would not be a significant change from the reactants to the products.
• IR spectroscopy. IR was tried however, as both products have very similar structures
this technique was ruled out. There were very few distinct peaks for either of the
products or reactants and when the reaction proceeded these peaks overlapped causing
concentration assignment to become difficult.
• 1H NMR spectroscopy. This technique seemed to be the most promising as both of
the products had a very distinct CH2 peak one at 5.1ppm (O–alkylation product) and
the other at 4.45ppm (C–alkylation product). Benzyl bromide also has a distinct CH2
peak at 5.2ppm. The aromatic region would mostly have to be ignored as there would
be too many overlapping peaks to make following a peak from that region difficult.
This would mean that monitoring sodium β-naphthoxide may be difficult as all peaks
would appear in the aromatic region. Therefore it would depend on which solvent the
reaction was being studied in to determine whether data could be collected for sodium
β-naphthoxide. With the use of an internal standard whose peaks did not overlap with
the reactants or products for example, 1,3,5-trimethoxybenzene (peaks at 3.0ppm and
6.0ppm) these concentrations could be quantified and from this, kinetic data could be
determined. After much trial and error this technique was determined to be the best and
the same methodology was applied to this reaction as was applied to the Menschutkin
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reaction of phenacyl bromide and pyridine.
4.5 Experimental Objectives
The objectives of this Chapter are to generate a consistent set of kinetic data for a selection
of solvents at the same temperature (25 ◦C) and ambient pressure (1 atm). The kinetic data
generated will be statistically significant values of the reaction rate constants: k1 and k2.
Using these values the product percentages will be calculated and these can be compared to
the literature values of Kornblum et al. [68]. The reaction rate constants will then be imple-
mented into separate solvatochromic equations which will show what type of solvents these
reactions favour and which solvents have the greatest effect on reaction rate and selectivity.
4.6 Experimental Methodology
The same experimental methodology will be followed as described in Chapter 3 using the
flowchart shown in Figure 3.5 as guidance.
Before even beginning to follow the experimental methodology the first step was to chose the
solvents to study. The same solvents were chosen which were studied by Kornblum et al. [68]
and some other common organic solvents as shown in Table 4.19.
1. The first step of the experimental methodology was to determine if all components were
soluble in the solvents and the solubility limits of each component; the values are listed
in Table 4.19.
Using these values the solvents that were chosen to be taken forward were: methanol,
acetonitrile, ethyl acetate, ethanol, THF, acetone, 1,4-dioxane, acetic acid, DMF and
DMSO. The solvents which could not be taken further were: water (benzyl bromide
did not dissolve in it, they formed two separate layers) DCM, diethyl ether, chloroform
and toluene (sodium β-naphthoxide had very limited solubility in them).
2. The next stage of the methodology was to determine if the components (the reactants:
sodium β-naphthoxide (1), benzyl bromide (2), products: 1-benzyl-2-naphthyl ether (3),
1-benzyl-2-naphthol (4) and internal standard (IS: 1,3,5-trimethoxybenzene)) reacted
with the solvent after 24 h. This was done by taking a 1H NMR spectrum of each
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Table 4.19: Solubility tests performed in solvents, where the symbols: X, ∼ and × represent that
the compound dissolved well, sparingly and did not dissolve. The initial value is the concentration
(in mol l−1) of the component dissolved in the solvent, with the maximum amounts (in grams)
able to dissolve in a given volume of solvent (in ml).
Solvent Sodium β- Benzyl P1 P2 Solvents
Naphthoxide Bromide (O–Alk prod) (C–Alk prod) to use
Methanol 1 mol l−1, X 0.11 mol l−1, 1.5 mol l−1, X
0.17 g in 1 ml 0.026g in 5 ml 0.35 g in 1 ml
Acetonitrile 1.5 mol l−1, X 0.46 mol l−1, 1.5 mol l−1, X
0.25 g in 1 ml 0.11 g in 5 ml 0.33 g in 1 ml
DCM ∼ X X X ×
EtOAc 1 mol l−1, X 1.17 mol l−1 1.5 mol l−1, X
0.17 g in 1 ml 0.27 g in 5 ml 0.35 g in 1 ml
Toluene × X X X ×
Diethyl ether ∼ X X X ×
2,2,2-TFE ∼ (1 mol l−1, X ∼ (0.03 mol l−1, X ×
0.17 g in 1 ml) 0.0077 g in 5 ml)
Chloroform ∼ X X X ×
Ethanol 1 mol l−1, X 0.16 mol l−1, 0.35 g in 1 ml X
0.17 g in 1 ml 0.04 g in 5 ml 1.5 mol l−1,
THF ∼ (1 mol l−1, X ∼ (0.11 mol l−1, 1.5 mol l−1, X
0.17 g in 1 ml) 0.026g in 5 ml) 0.35 g in 1 ml
Water ∼ × X X ×
Acetone ∼ (1 mol l−1, X ∼ (0.11 mol l−1, 1.5 mol l−1, X
0.17 g in 1 ml) 0.026g in 5 ml) 0.35 g in 1 ml
1,4-dioxane 1.5 mol l−1, X 1.41 mol l−1, 1.5 mol l−1, X
0.25 g in 1 ml 0.33 g in 5 ml 0.36 g in 1 ml
1,2-DME 1.5 mol l−1, X 1.03 mol l−1, 1.5 mol l−1, X
0.25 g in 1 ml 0.24 g in 5 ml 0.34 g in 1 ml
Acetic acid X X X X X
DMF X X X X X
DMSO X X X X X
component dissolved in the deuterated solvent when it was first made up and then
24 h later. If there was a non-deuterated solvent chosen for example ethyl acetate or
1,4-dioxane, then the components were dissolved in the non-deuterated solvent and left
for 24 h, then the solvent was removed in vacuo and the component was redissolved
in a deuterated solvent that readily dissolved said component. The same procedure
was used to determine if the components (1, 2, 3 and 4) reacted with the IS (1,3,5-
trimethoxybenzene).
Sodium β-naphthoxide reacted with acetic acid and it was reprotonated back to 2-
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naphthol, making it extremely less nucleophilic and so acetic acid was not used as a
solvent. Other solvents that reacted with a component were DMF and DMSO both
with benzyl bromide. However, this oxidation reaction was very slow, so they could
still be used as solvents, as the oxidation reaction could be monitored first then this
could be incorporated into the model to determine a reaction rate constant for the
oxidation reaction. With all other solvents no reactions occurred between the solvent
and any of the components nor between the components and the IS.
3. The products P1 and P2 were very stable and did not decompose, interconvert via a
rearrangement reaction or further react to produce other product(s).
4. The T1 relaxation times were determined for all peaks of each component and are listed
in Appendix F. The longest T1 times were determined for benzyl bromide across all
solvents with average values of ∼5-8 seconds. As 8 seconds was the longest T1 value
measured, then waiting 5 × T1 would mean waiting 40 seconds between collecting a
spectrum. So data collection every minute would be possible.
5. Three reaction runs were used and the initial concentrations are shown in Table 4.20
where the weighted value, the value determined using the internal standard and the
value determined from the estimation are shown. In DMF and DMSO the reactions
were over within less than 1 minute, so could not be studied by this method and
therefore there is no kinetic data available for these solvents. Acetic acid was also used
to check whether the alkylation reaction would be faster than the rate of reprotonation
of sodium β-naphthoxide back to 2-naphthol. However, this was not the case, so acetic
acid along with DMF and DMSO were discarded.
6. The raw peak values were then converted to quantitative data using the equations found
in Section 3.4.1. The peaks that were monitored were:
• 1,3,5-trimethoxybenzene - 6.01 ppm (3 H) and 3.1ppm (9 H)
• sodium β-naphthoxide - where possible an aromatic peak as there were 6 peaks to
choose from, between ∼ 6.40 - 7.60 ppm
• benzyl bromide CH2 peak at ∼ 4.51 - 4.90 ppm
• P1 CH2 peak at ∼ 5.19 - 5.21 ppm
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• P2 CH2 peak at ∼ 4.40 - 4.52 ppm
As there was a contamination of OH (from sodium hydroxide used to make the sodium
β-naphthoxide) in the sodium β-naphthoxide material this peak was broad and moved
around a lot in the spectra depending on what solvent was used. The more polar a
solvent the more this peak moved and blocked certain points of the spectrum therefore
hindering continuous data collection of certain peaks.
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Table 4.20: Initial concentrations of the reactants used in the study of the reaction studied
of sodium β-naphthoxide and benzyl bromide in nine solvents. [1]0weight is the concentration of
sodium β-naphthoxide based on the weighted amount. [1]0NMR is the initial concentration of so-
dium β-naphthoxide from the NMR reading at time zero (t=0). [1]0estimated is the estimated value
of the initial concentration of sodium β-naphthoxide from the parameter estimation. [2]0weight is
the initial concentration of benzyl bromide based on a weighted measurement using a gas tight
syringe. [2]5mins NMR is the concentration based on the first NMR reading after the addition
of benzyl bromide at time 0. [2]0estimated is the estimated value of the initial concentration of
benzyl bromide from the parameter estimation.
Reaction Sodium β-Naphthoxide Benzyl Bromide
Number [1]0weight [1]0NMR [1]0estimated [2]0weight [2]Nmins NMR [2]0estimated
Acetonitrile-d3
1 0.35 0.34 0.36 0.19 0.17 0.21
2 0.22 0.22 0.24 0.10 0.08 0.10
3 0.29 0.27 0.29 0.10 0.08 0.09
Methanol-d4
1 0.20 0.18 0.20 0.12 0.11 0.12
2 0.19 0.17 0.18 0.28 0.25 0.28
3 0.09 0.07 0.08 0.28 0.30 0.31
Ethanol-d6
1 0.38 0.36 0.39 0.20 0.12 0.21
2 0.19 0.17 0.18 0.10 0.09 0.10
3 0.09 0.08 0.07 0.32 0.31 0.33
Acetone-d6
1 0.10 0.09 0.07 0.18 0.18 0.20
2 0.11 0.10 0.08 0.27 0.27 0.28
3 0.09 0.09 0.08 0.09 0.09 0.09
THF-d8
1 0.15 0.16 0.14 0.10 0.10 0.09
2 0.32 0.31 0.30 0.16 0.16 0.15
3 0.20 0.20 0.19 0.39 0.40 0.36
1,2-DME
1 0.36 0.33 0.34 0.20 0.20 0.21
2 0.26 0.25 0.23 0.11 0.10 0.10
3 0.12 0.10 0.09 0.29 0.32 0.31
EtOAc
1 0.06 0.05 0.04 0.29 0.31 0.30
2 0.10 0.10 0.09 0.37 0.39 0.39
3 0.06 0.05 0.05 0.25 0.23 0.24
1,4-Dioxane
1 0.24 0.23 0.24 0.11 0.11 0.11
2 0.32 0.32 0.33 0.20 0.21 0.21
3 0.41 0.41 0.41 0.29 0.29 0.29
1,4-Dioxane-d8
1 0.19 0.17 0.17 0.10 0.10 0.10
2 0.20 0.19 0.17 0.38 0.39 0.33
3 0.08 0.07 0.06 0.30 0.30 0.28
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7. Finally the model was incorporated into gPROMS using the following equations.
The experimental work being carried out is based on the following bimolecular reaction:
1 + 2 k1−→ 3 (4.1)
1 + 2 k2−→ 4 (4.2)
where 1 is sodium β-naphthoxide, 2 is benzyl bromide, 3 and 4 are the products 1-
benzyl-2-naphthyl ether (O–alkylation product) and 1-benzyl-2-naphthol (C–alkylation
product) respectively. The second-order rate law for a bimolecular reaction is first-order
in the two reactants and second-order overall. The reaction rate equation for the above
reactions at constant volume are written as follows:
r1 = −k1 ∙ [1] ∙ [2] (4.3)
r2 = −k2 ∙ [1] ∙ [2] (4.4)
where the units of the reaction rate (r1 and r2) are mol l−1 min−1, the reaction rate
constants (k1, k2) are l mol−1 min−1 and the reactant concentrations, [1] and [2] are in
mol l−1.
Assuming perfect mixing and isothermal conditions, a model of the reaction inside the
NMR tube is given by:
− d[1]
dt
= (k1 + k2) ∙ [1] ∙ [2] (4.5)
−d[2]
dt
= (k1 + k2) ∙ [1] ∙ [2] (4.6)
d[3]
dt
= k1 ∙ [1] ∙ [2] (4.7)
d[4]
dt
= k2 ∙ [1] ∙ [2] (4.8)
[1]t=0 = [1]0 , [2]t=0 = [2]0 , [3]t=0 = 0 , [4]t=0 = 0
where [1], [2], [3] and [4] are the concentrations of the reactants 1 (sodium β-naphthoxide),
2 (benzyl bromide) and the products 3 (1-benzyl-2-naphthyl ether) and 4 (1-benzyl-2-
naphthol) respectively. Using a maximum likelihood estimation to estimate the para-
meters with the gPROMS software [183], the following parameters are estimated: the
reaction rate constants (k1, k2) and the initial concentrations of 1 ([1]t=0 = [1]0) and 2
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([2]t=0 = [2]0) at the start of the reaction, at time zero.
Finally the reaction rate constants were estimated for each solvent, with values shown
in Table 4.21, along with the product ratios and literature reference product ratios
where applicable for all solvents studied. The product ratios were calculated using the
reaction rate constants for P1 (O–alkylation product),
k1
(k1 + k2)
× 100 % (4.9)
and P2 (C–alkylation product),
k2
(k1 + k2)
× 100 %. (4.10)
Table 4.21: Dielectric constant (εr), Dipole moment (μ), and Reichard’s polarity indicator (ENT )
at 25 ◦C [4, 5], with experimental reaction rate constants k1 and k2 and the product ratio for
the O– and C– alkylation products (P1:P2, O:C %) for this work, for the reaction of sodium
β-napthoxide and benzyl bromide studied in 9 solvents, at 25 ◦C and the product percentage
ratios from the literature [68, 70–72] of the non-deuterated solvents for comparison and reference
at various temperatures.
εr μ (D) ENT k1 k2 This work Literature T ◦C Ref.
Solvent at 25 ◦C [4, 5] (l mol−1 min−1) O:C (%) O:C (%)
Acetonitrile-d3 35.94 3.44 0.460 0.1654 0.0367 82:18 94:6 24 [70]
Methanol-d4 32.66 2.87 0.762 0.0314 0.0175 64:36 63:37 27 [68]
Ethanol-d6 24.55 1.66 0.654 0.0572 0.0232 71:29 65:35 27 [68]
Acetone-d6 20.56 2.69 0.355 0.5144 0.0289 95:5 100:0 56-58 [72]
THF-d8 7.58 1.75 0.207 0.0084 0.0038 69:31 63:37 27,25 [68, 70]
1,2-DME 7.20 1.71 0.231 0.0266 0.0053 83:17 76:24 27 [68]
Ethyl Acetate 6.02 1.88 0.228 0.0098 0.0094 51:49 - - -
1,4-Dioxane 2.25 0.45 0.164 0.0018 0.0058 24:76 47:53 104-106 [71]
1,4-Dioxane-d8 0.45 0.164 0.0030 0.0058 34:66 47:53 104-106 [71]
1,4-Dioxane &
1,4-Dioxane-d8I 0.45 0.164 0.0015 0.0059 20:80 47:53 104-106 [71]
I for 245 mins only
4.7 Experimental Results
There were 9 solvents studied by the kinetic method laid out previously. To give the reader
an overview of the methodology and results, a solvent has been chosen to present the analysis
of the results in detail. This solvent is methanol-d4 as it was also studied by Kornblum et al.
[68] so there is some literature data for reference and comparison.
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4.7.1 Methanol-d4 (εr = 32.66 at 25 ◦C)
1. The first step of the protocol laid out in Figure 3.5 is to determine the solubilities of
the components under investigation. The components in this reaction are the react-
ants: sodium β-naphthoxide, benzyl bromide, the products: O–alkylation product - P1
(benzyl 2-naphthyl ether) and C–alkylation product - P2 (1-benzyl-2-naphthol) and the
internal standard - 1,3,5-trimethoxybenzene (IS). They will be known collectively as the
components forthwith. The solubility concentrations that could be used in methanol-d4
for the kinetic runs for the following components were determined based on solubility
measurements: sodium β-naphthoxide (1.0 mol l−1, 0.17g in 1 ml), P1 (0.11 mol l−1,
0.026g in 5 ml), and P2 (1.5 mol l−1, 0.35g in 1 ml).
2. All components were then dissolved in methanol-d4 to determine any reactivity of the
components with the solvent. A 1H NMR spectrum was collected as close to time
zero then another was collected 24 h later, these were then overlaid to determine any
reactivity. The overlaid spectra looked identical proving that there was no reactivity.
Each component (1,2 3 or 4) and the IS were then mixed together in methanol-d4 and
the same procedure was followed. As there was no reactivity, the IS could be used as
it was non-reactive.
3. The products P1 and P2 were then mixed together to determine the reversibility of
the reactions. The products were very stable and did not decompose to the starting
material or interconvert via a rearrangement reaction, therefore passing stage 3.
4. T1 relaxation times were measured for each peak of every component and are shown in
Appendix F. The largest was found to be 6.8 seconds for the aromatic peak at 7.387-
7.325 ppm in benzyl bromide. To wait 5 × the longest T1 would mean at least ∼35
seconds after the first r.f. pulse, therefore data collection was set to take place every
minute.
5. Next three different initial starting concentrations of the reactants were used and the
reaction were monitored by 1H NMR. The initial concentrations chosen are shown in
Table 4.20.
6. The raw peak data from the NMR was then converted to quantitative concentration
values based on the IS concentration (peak at 6.06 ppm), which could be used for kinetic
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analysis. The peaks that were chosen in methanol-d4 were two adjacent aromatic peaks
for sodium β-naphthoxide (7.56-7.48 ppm) equal to two protons, the CH2 peaks for
benzyl bromide (4.51-4.49 ppm), P1 (5.13-5.12 ppm) and P2 (4.41-4.40 ppm). The
initial measured concentration value for benzyl bromide in R1 and R3 (Figures 4.22 R1
and R3) is slightly lower than the rest of the measured values. This is the weighted
value whereas the other values are worked out based on the weighted mass of the IS.
For R3 there is only a partial data set for sodium β-naphthoxide and this is due to
the moving OH peak which blocked the rest of the peak making data extrapolation
impossible.
The quantified concentration data is shown in Figures 4.22 as the symbols, where the
blue triangles represent sodium β-naphthoxide concentration [1], the red squares rep-
resent benzyl bromide concentration [2], the green circles represent the product con-
centration of P1 [3], the purple plus symbols represent the product concentration of P2
[4], the black crosses show the sum of sodium β-naphthoxide and the product concen-
trations (P1 + P2) (mass balance) and the brown diamonds show the sum of benzyl
bromide and the product concentrations (P1 + P2) (mass balance).
7. The final step was to incorporate this concentration data into the gPROMS model
to estimate k1, k2 and the initial concentration values of the reactants: sodium β-
naphthoxide ([1]0) and benzyl bromide ([2]0). In Figures 4.22 the calculated concentra-
tion values from the gPROMS estimation are the continuous lines, where the blue line
represents sodium β-naphthoxide calculated concentration [1], the red line represents
benzyl bromide calculated concentration [2], the green line represents the calculated
product concentration of P1 [3], the purple line represents the calculated product con-
centration of P2 [4], the black line shows the calculated sum of sodium β-naphthoxide
and the product concentrations (P1 + P2) (mass balance) and the brown line shows
the calculated sum of benzyl bromide and the product concentrations (P1 + P2) (mass
balance).
The reaction rate constants, k1 and k2 for P1 and P2 were estimated to be 0.0314
l mol−1 min−1 and 0.0175 l mol−1 min−1 respectively for methanol-d4. The overall
product ratio of P1:P2 was 64:36 %. Kornblum et al. [68] did study this solvent system
and achieved an overall total percentage ratio of 63:37 % of P1:P2, in good agreement
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with the findings in this work. Figure 4.23 shows the product concentration of the
smaller product (P2) divided by the larger product concentration value (P1), usually
P2 / P1, and for methanol-d4 that is the case. The black solid line is the product ratio
achieved in this work of 36 (P2) / 64 (P1) = 0.5625 and the purple dashed line is the
product ratio from the literature of 37 / 63 = 0.5873 [68].
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Figure 4.22: Experimental data for the three reactions used (R1, R2 and R3) in methanol-d4
at 25 ◦C and ambient pressure using 1H NMR spectroscopy. The blue triangles represent sodium
β-naphthoxide concentration [1], the red squares represent benzyl bromide concentration [2], the
green circles represent the product concentration of P1 [3], the purple plus symbols represent the
product concentration of P2 [4], the black crosses show the sum of sodium β-naphthoxide and the
product concentrations (P1 + P2) (mass balance), the brown diamonds show the sum of benzyl
bromide and the product concentrations (P1 + P2) (mass balance); and the corresponding lines
show the calculated concentrations using gPROMS.
4. The Alkylation Reaction of Sodium β-Naphthoxide and Benzyl Bromide 196
0.0
0.2
0.4
0.6
0.8
1.0
 0  20  40  60  80  100  120
P2
 / 
P1
t / min
P2
 / 
P1
Figure 4.23: Product ratio of P2 / P1 for methanol-d4 as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and the purple dashed line is the literature ratio from Kornblum et al. [68].
4.7.2 All Solvents
In this section the remaining solvents will be shown, but only the solvents where there is
a discrepancy with the literature data will be explained here. For all data and graphs for
all solvents the reader is referred to: Table 4.19 for the maximum concentrations that could
be used in each solvent, Appendix F for the T1 relaxation times, Table 4.20 for the initial
concentration values and Table 4.21 for the reaction rate constants (k1 and k2), the product
percentage values (P2 / P1) and the literature values from various authors [68, 70–72], where
applicable. The product ratio graphs can be found for each solvent in the following fig-
ures: Figure 4.25 for acetonitrile; Figure 4.27 for ethanol-d6; Figure 4.29 for acetone-d6; Fig-
ure 4.31 for tetrahydrofuran-d8 (THF-d8); Figure 4.33 for 1,2-dimethoxyethane (1,2-DME);
Figures 4.35-4.36 for ethyl acetate; Figure 4.38 for 1,4-dioxane; and Figure 4.40 for 1,4-
dioxane-d8. The experimental concentration data and the calculated concentration data can
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be found for acetonitrile in Figures 4.24; ethanol-d6 in Figures 4.26; acetone-d6 in Figures
4.28; tetrahydrofuran-d8 (THF-d8) in Figures 4.30; 1,2-dimethoxyethane (1,2-DME) in Fig-
ures 4.32; ethyl acetate in Figures 4.34; 1,4-dioxane in Figures 4.37; 1,4-dioxane-d8 in Figures
4.39 and for 1,4-dioxane and 1,4-dioxane-d8 are shown in Appendix G.1.
When monitoring the reactions in some solvents, there were no clear sodium β-naphthoxide
peaks to follow, due to the overlapping peaks in the aromatic region. This was mostly true
of polar solvents especially: acetonitrile-d3 all three reactions, R1-R3; acetone-d6 R1-R3;
THF-d8 R3; 1,2-DME R3; 1,4-dioxane R3 after ∼100 mins; and 1,4-dioxane-d8 R2 and R3.
In some solvent concentration data graphs there are missing parts of data. This is due to
the OH impurity. This was a big broad peak from the production of sodium β-naphthoxide,
that moved around and obstructed certain parts of the data. The solvents with missing parts
of concentration data due to this impurity are: acetonitrile-d3 R1 and R3, benzyl bromide
peak; ethanol-d6 R3 sodium β-naphthoxide peak after 70 mins; THF-d8 R1 up to ∼130 mins
and R3 part of the benzyl bromide peak and the beginning of P2 up to ∼50 mins; 1,2-DME
the first ∼40 mins of sodium β-naphthoxide R1 is missing; ethyl acetate benzyl bromide peak
in R2 and R3 from 100-150mins and ∼180-340mins respectively this data is missing; and fi-
nally for 1,4-dioxane-d8 for benzyl bromide after ∼180 mins and also P2 from ∼180-350 mins.
The initial measurements of sodium β-naphthoxide and benzyl bromide are always under or
over predicted using the calculated values (continuous lines on the graphs). They are always
usually slightly lower than the rest of the line which is calculated based on the IS mass.
The reason for this could be the error in weighing the material (which would be very low or
negligible due to the accuracy of the balance), or the error when transferring the mixture to
the NMR tube from the vial via a syringe and the material left in the vial or syringe affecting
these values. For benzyl bromide this is especially true where the weighted values are always
lower than the values determined from the IS. This is true for reactions in methanol-d4 R1
and R3, ethanol-d6 R3, 1,2-DME R3 and ethyl acetate R2. This could be due to the fact
that it is difficult to select a benzyl bromide peak as it is highly viscous and so has a very
broad base. This is not helped by the fact that the NMR method is 1 r.f. pulse per minute
so the resolution is not high and the signal to noise is very low.
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Figure 4.24: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in acetonitrile-d3, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.25: Product ratio of P2 / P1 for acetonitrile-d3 as a function of time, where the
blue triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and the purple dashed line is the literature ratio from Akabori and Tuji [70].
The data that is in good agreement with the literature data is the data for: methanol where
the overall product ratio of P1:P2 (O:C %) was 64:36 % and Kornblum et al. [68] achieved
an overall total percentage ratio of 63:37 % and for acetone, where P1:P2 is 95:5 % and the
literature value is 100:0 % [72]. However, this was studied at a higher temperature of 56-58 ◦C
so this could have affected the percentage yields. The data that is in reasonable agreement
with the literature data for this work is for the solvents acetonitrile-d3 where P1:P2 is 82:18
% and the literature value is 94:6 % [70] at similar temperatures; ethanol-d6 71:29 % where
the literature data is 65:35 % [68]; THF-d8 where the values for this work are 69:31 % and
the literature values are 63:37 % [68, 70]; and for 1,2-DME where the values achieved were
83:17 % and the literature value was 76:24 % [68]. The reaction was studied in 1,4-dioxane
and 1,4-dioxane-d8 with percentage yields of 23:76 % (P1:P2) and 34:66 % respectively. The
variation could be due to the length of time each experiment was ran for, the first only run
for 245 minutes and the second for 900 minutes. When these two sets of reaction data were
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Figure 4.26: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in ethanol-d6, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.27: Product ratio of P2 / P1 for ethanol-d6 as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and the purple dashed line is the literature ratio from Kornblum et al. [68].
combined the overall percentage yield was 20:80 % of P1:P2. This data was only estimated
to 245 minutes to make this comparable as the longer deuterated reaction runs would skew
the data in their favour. The literature values for 1,4-dioxane are not consistent, this could
be due to the higher temperature studied by Zagoreskii [71] of 104-106 ◦C, compared to 25
◦C of this work. This shows that temperature does have an effect on the reactions, however,
as the percentage yield was 23:26 % (O:C %) this shows that quite a lot of the material was
lost in the work up so these reported yields are not entirely reliable. There are no literature
values for ethyl acetate to compare to.
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Figure 4.28: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in acetone-d6, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
4. The Alkylation Reaction of Sodium β-Naphthoxide and Benzyl Bromide 206
0.0
0.2
0.4
0.6
0.8
1.0
 0  20  40  60  80  100  120
P2 /
 P1
t / min
Figure 4.29: Product ratio of P2 / P1 for acetone-d6 as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and there is no purple dashed line for the literature value as the literature product
ratio is 82 / 0 = 0 from Zagorevskii [72].
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Figure 4.30: Experimental concentration data as a function of time for the three reactions
used (R1, R2 and R3) in THF-d8, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.31: Product ratio of P2 / P1 for THF-d8 as a function of time, where the blue triangles
represent R1, red squares R2, green circles are R3, the black line is the calculated product ratio
and the purple dashed line is the literature ratio from Kornblum et al. [68] and Akabori and Tuji
[70].
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Figure 4.32: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in 1,2-dimethoxyethane, at 25 ◦C and ambient pressure using 1H NMR spec-
troscopy. The blue triangles represent sodium β-naphthoxide concentration [1], the red squares
represent benzyl bromide concentration [2], the green circles represent the product concentra-
tion of P1 [3], the purple plus symbols represent the product concentration of P2 [4], the black
crosses show the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass
balance), the brown diamonds show the sum of benzyl bromide and the product concentrations
(P1 + P2) (mass balance); and the corresponding lines show the calculated concentrations using
gPROMS.
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Figure 4.33: Product ratio of P2 / P1 for 1,2-dimethoxyethane as a function of time, where the
blue triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and the purple dashed line is the literature ratio from Kornblum et al. [68].
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Figure 4.34: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in ethyl acetate, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.35: Product ratio of P2 / P1 for ethyl acetate as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3 and the black line is the calculated
product ratio. There are no literature values available for comparison.
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Figure 4.36: Product ratio of P1 / P2 for ethyl acetate as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3 and the black line is the calculated
product ratio. There are no literature values available for comparison.
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Figure 4.37: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in 1,4-dioxane, at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.38: Product ratio of P1 / P2 for 1,4-dioxane as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3, the black line is the calculated
product ratio and the purple dashed line is the literature ratio from Zagorevsky [71].
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Figure 4.39: Experimental concentration data as a function of time for the three reactions used
(R1, R2 and R3) in 1,4-dioxane-d8 at 25 ◦C and ambient pressure using 1H NMR spectroscopy.
The blue triangles represent sodium β-naphthoxide concentration [1], the red squares represent
benzyl bromide concentration [2], the green circles represent the product concentration of P1 [3],
the purple plus symbols represent the product concentration of P2 [4], the black crosses show
the sum of sodium β-naphthoxide and the product concentrations (P1 + P2) (mass balance),
the brown diamonds show the sum of benzyl bromide and the product concentrations (P1 + P2)
(mass balance); and the corresponding lines show the calculated concentrations using gPROMS.
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Figure 4.40: Product ratio of P1 / P2 for 1,4-dioxane-d8 as a function of time, where the blue
triangles represent R1, red squares R2, green circles are R3, black line is the calculated product
ratio and the purple dashed line is the literature ratio from Zagorevsky [71]
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4.7.3 Analysis of Results
All of the reaction rate constants, product ratios and reference product ratios have been
compiled into one table for ease of reference as shown in Table 4.21. The O–alkylation reaction
proceeded fastest in acetone-d6 and slowest in 1,4-dioxane, whereas the C–alkylation reaction
proceeded fastest in acetonitrile-d3 and slowest in THF-d8. This relationship is illustrated
graphically for the evolution of the product concentration O–alkylation product ( [3]) and
the C–alkylation product ([4]), as a function of time in a batch reactor at 25 ◦C, with an
initial concentration of 0.1 mol l−1 for sodium β-naphthoxide (1) and 0.2 mol l−1 for benzyl
bromide (2), Figure 4.41 and Figure 4.42 respectively.
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Figure 4.41: Time evolution of the product concentration [3] in different solvents. The cal-
culated concentration of P1 benzyl 2-naphthyl ether is plotted as a function of time (min) for
a batch reactor in 8 solvents at 25 ◦C, based on the experimental reaction rate constants in
Table 4.21, with an initial concentration of sodium β-naphthoxide (1) as 0.1 mol l−1 and benzyl
bromide (2) as 0.2 mol l−1.
The formation of the O–alkylation favours dipolar aprotic solvents, than polar protic than
non-polar solvents. This is because the charge of the transition state is more stabilised
4. The Alkylation Reaction of Sodium β-Naphthoxide and Benzyl Bromide 224
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035
0 50 100 150 200 250 300
[4] 
/ (
mo
l.l−
1 )
t / min
1,4−Dioxane
EtOD−d6
THF−d8
CD3CN
EtOAc
MeOD−d4
1,2−DME
Acetone−d6
Figure 4.42: Time evolution of the product concentration [4] in different solvents. The calcu-
lated concentration of P2 1-benzyl-2-naphthol is plotted as a function of time (min) for a batch
reactor in 8 solvents at 25 ◦C, based on the experimental reaction rate constants in Table 4.21,
with an initial concentration of sodium β-naphthoxide (1) as 0.1 mol l−1 and benzyl bromide (2)
as 0.2 mol l−1.
by more polar solvents. The most O–alkylation product was formed in the dipolar aprotic
solvents: acetone-d6 (95 %), acetonitrile-d3 (82 %) and 1,2-DME (83 %), this confirms the
findings of Kornblum et al. [68], where the O–alkylation favours highly dipolar aprotic
solvents. For the C–alkylation product, the reaction proceeded fastest in acetonitrile-d3 and
slowest in THF-d8. This reaction also proceeds through a charged transition state which is
stabilised by more polar solvents, this occurrence is similar to that found in the O–alkylation
reaction. However, the solvents where the most C–alkylation product was favoured were
in 1,4-dioxane (76 %), ethyl acetate (49 %) and methanol (36 %). This shows that the C–
alkylation reaction favours non-polar solvents over dipolar aprotic solvents with low dielectric
constant values, over polar protic solvents, similar conclusions were found by Kornblum et
al. [68].
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To show the relationship between solvent polarity and the product ratio (P1 % and P2 %),
solvent polarity scales of relative permittivity or dielectric constant (εr), the dipole moment
(D) and Dimroth and Reichardt ENT have been plotted against the product ratio and are
shown in Figures 4.43-4.48. There does not appear to be any distinct trends between any of
the polarity scales and the product ratios. The only trend that can be deduced from Figures
4.44 and 4.47 is that the increasing dipole moment increases the product percentage of P1
whereas for P2 the increasing dipole moment decreases the product percentage.
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Figure 4.43: Product composition (%) of P1 (benzyl 2-naphthyl ether) against the relative
permittivity / dielectric constant (εr) at 25 ◦C, [4, 5].
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Figure 4.44: Product composition (%) of P1 (benzyl 2-naphthyl ether) against the dipole
moment (μ) in units of Debye (D) at 25 ◦C.
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Figure 4.45: Product composition (%) of P1 (benzyl 2-naphthyl ether) against Dimroth and
Reichardt’s ENT [4, 5] solvent polarity scale at 25 ◦C and 1 atm.
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Figure 4.46: Product composition (%) of P2 (1-benzyl-2-naphthol) against the relative permit-
tivity / dielectric constant (εr) at 25 ◦C, [4, 5].
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Figure 4.47: Product composition (%) of P2 (1-benzyl-2-naphthol) against the dipole moment
(μ) in units of Debye (D) at 25 ◦C.
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Figure 4.48: Product composition (%) of P2 (1-benzyl-2-naphthol) against Dimroth and
Reichardt’s ENT [4, 5] solvent polarity scale at 25 ◦C and 1 atm.
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4.7.4 Regressed Solvatochromic Equation
When regressing the solvatochromic equations the values in Table 4.22 were used. There
would be another term in the equation the δ value which is equal to 1, 0.5 or 0.0 for aromatic,
polyhalogenated or nonhalogenated solvents respectively. However, as all the solvents are
aliphatic non-chlorinated solvents, they would have a value equal to zero for δ, so this has
been removed from the regression and equations, as it does not influence the values.
Table 4.22: Solvent descriptors used in the solvatochromic equation, where A, B, S are the
acidity, basicity and polarity or polarisability respectively [57] and the Hildebrand solubility
parameter δ2H with units of MPa, is a measure of the solvent-solvent interaction, the cohesive
energy density.
Solvent A B S δ2H
(MPa)
Acetonitrile 0.07 0.32 0.90 24.05
Methanol 0.43 0.47 0.44 29.59
Ethanol 0.37 0.48 0.42 26.13
Acetone 0.04 0.484 0.70 19.73
THF 0.00 0.481 0.52 18.97
1,2-DME 0.00 0.68 0.67 17.67
Ethyl Acetate 0.00 0.45 0.62 18.35
1,4-Dioxane 0.00 0.649 0.75 20.54
The following solvatochromic equation was regressed using Equation (2.16) and the values in
Table 4.22 for the O–alkylation reaction of sodium β-naphthoxide and benzyl bromide to form
P1 (benzyl 2-naphthyl ether) using the eight solvents (using 1,4-dioxane over 1,4-dioxane-d8
with results shown in the Appendix G) studied;
log k = 4.15 + 6.42S + 15.22A− 4.43B − 0.50δ
2
H
100 , (4.11)
with an average absolute percentage error (AAPE - based on equation (3.22)) of 10.8 %. The
quality of fit obtained from this relationship can be seen graphically by the predicted reaction
rate constants (log kpred) against the actual experimental reaction rate constants (log kexp),
Figure 4.49, where R2 = 0.68. This shows that the second-order reaction rate constant (k1)
is increased by solvents with large S values e.g. dipolar aprotic solvents and large A values,
solvents with high acidity. However, there does not appear to be any other trends.
The following solvatochromic equation was also regressed using Equation (2.16) and the values
in Table 4.22 for the C–alkylation reaction of sodium β-naphthoxide and benzyl bromide to
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form P2 (1-benzyl-2-naphthol) using the eight solvents studied;
log k = −1.79 + 3.14S + 6.27A− 1.90B − 0.17δ
2
H
100 , (4.12)
with an average absolute percentage error (AAPE - based on Equation (3.22)) of 2.03 %. The
quality of fit obtained from this relationship can be seen by a plot of the predicted reaction
rate constants (log kpred) against the actual experimental reaction rate constants (log kexp),
Figure 4.50, where R2 = 0.92. The same can be concluded for this solvatochromic equation as
the previous one, where the second-order reaction rate constant (k2) is increased by solvents
with large S values e.g. dipolar aprotic solvents and large A values, solvents with high acidity.
However, there is a much narrower range of variation so this shows that this reaction is much
less sensitive to solvent effects than the previous reaction.
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Figure 4.49: Experimental reaction rate constants (log kexp) against the predicted reaction rate
constants (log kpred) at 25 ◦C, for the reaction of sodium β-naphthoxide and benzyl bromide to
form the product P1 (benzyl 2-naphthyl ether), obtained using the solvatochromic equation
(2.16). The black line shows the linear trend and the red-dashed line is the y = x line.
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Figure 4.50: Experimental reaction rate constants (log kexp) against the predicted reaction rate
constants (log kpred) at 25 ◦C, for the reaction of sodium β-naphthoxide and benzyl bromide to
form the product P2 (1-benzyl-2-naphthol), obtained using the solvatochromic equation (2.16).
The black line shows the linear trend and the blue-dashed line is the y = x line.
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4.8 Summary of Work
The systematic methodology that was developed in Chapter 3 has been successfully applied
to the reaction of sodium β-naphthoxide and benzyl bromide in 9 solvents. Reaction rate
constants have been estimated for 9 solvents and two solvatochromic equations have been
regressed for each reaction. For the O–alkylation product, the reaction proceeded fastest in
acetone-d6 and slowest in 1,4-dioxane / 1,4-dioxane-d8. The formation of the O–alkylation
favours dipolar aprotic solvents, over polar protic over non-polar solvents and similar findings
were established by Kornblum et al. [68]. For the C–alkylation product, the reaction pro-
ceeded fastest in acetonitrile-d3 and slowest in THF-d8. This reaction also proceeds through
a charged transition state which is stabilised by more polar solvents, this occurrence is sim-
ilar to that found in the O–alkylation reaction. However, the solvents where the most C–
alkylation product was favoured were in non-polar solvents over dipolar aprotic solvents with
low dielectric constant values, over polar protic solvents. This matches well to the findings
in the literature [68]. The solvent set studied was not relatively large or diverse due to the
limited solubility of sodium β-naphthoxide which is a salt, and this is only soluble in solvents
that have some polar character, and benzyl bromide is extremely hydrophobic. Nevertheless,
to date, this is the only set of kinetic data available in different solvents for both of these re-
actions. This experimental study shows the strong variation of selectivity and the differences
in the reaction rates, which are dependent on the solvent.
Chapter 5
Concluding Remarks and Future
Work
In this work two SN2 reactions have been studied at ambient temperature (25 ◦C) and pressure
(1 atm) using the kinetic method of in situ 1H NMR and the parameter estimation method
of nonlinear least squares regression to determine reaction rate constants. The Menschutkin
reaction of phenacyl bromide and pyridine has been studied in ten deuterated solvents, whilst
the alkylation reaction of sodium β-naphthoxide and benzyl bromide has been studied in
nine solvents. It is the first time both reactions have been studied in such great detail where
reaction rate constants have been determined in many solvents. For the alkylation reaction
of sodium β-naphthoxide and benzyl bromide it is the first time reaction rate constants have
been reported. Using the reaction rate constants, empirical solvatochromic equations have
been regressed which are reaction dependent and show what type of solvent favours each
reaction. These results have been used to verify the in silico QM/MM method developed
by Struebing et al. [51] for the Menschutkin reaction of phenacyl bromide and pyridine and
also for the work in progress on the alkylation reaction of sodium β-naphthoxide and benzyl
bromide.
5.1 Thesis Summary
In the Background Chapter, five main areas were covered for the reader with the aim to set
the scene and give an overall picture for the thesis. The first section was to give a short
summary to show how solvents can be classified according to Reichardt and Welton [5] into
235
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five main groups depending on their character by: chemical constitution; physical proper-
ties; acid-base behaviour; specific solute-solvent interactions and by multivariate statistical
methods. The second section of the Chapter was to show how solvents have a great effect on
reactions and this can mostly be explained using TST theory. Some examples of reactions
were given to show the different transition states which are dipolar, isopolar or free-radical
transition-states. The third section was to show the qualitative methods which can be used
to predict how solvents will influence reactions, the two ways shown were the Hughes-Ingold
rules and the solvatochromic equation with examples given herein. The penultimate section
gave a brief overview of the experimental techniques available for reaction monitoring and the
focus of that section ended with a discussion of 1H NMR as that is the experimental technique
used in this thesis. The final section contained a discussion on the different analysis methods
which are available to determine reaction rate constants. The section was concluded with
a summary of the different methods and the methods of RPKA and nonlinear least squares
regression were chosen as the methods for analysis for this thesis.
A systematic approach was proposed to investigate solvent effects on reactions. An SN2 type
II reaction, in the form of a Menschutkin reaction was chosen to be studied. This reaction
type is an important reaction class as it is commonly found in pharmaceutical, agrochemical
and fine chemicals industries. A Menschutkin reaction was most favoured as it is known
to be susceptible to the effects of solvents. The reaction of phenacyl bromide and pyridine
was chosen as the literature data available was inconsistent and so there was a need for a
consistent data set of reaction rate constants measured in different solvents and at a constant
temperature and pressure. This reaction was also chosen because the experiments were viable
and the reactants could be modelled with relative ease using the QM calculations approach.
The Menschutkin reaction of phenacyl bromide and pyridine has been studied in 10 deuter-
ated solvents where the reaction proceeded fastest in DMSO-d6 and slowest in toluene-d8.
This shows that this reaction favours dipolar aprotic solvents as the reaction proceeds through
a charged transition state which is more stabilised by polar solvents compared to non-polar
solvents. The historic method for studying this type of reaction is via the method of initial
rates, however, this method ignores the bulk of the data which may contain vital information
about the reaction. The methods used in this work were the methods of RPKA [181] and
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parameter estimation which are an optimal combination of methods for kinetic analysis (for
a review of these methods, cf. Section 2.5). The method of RPKA was used to determine
which experiments to run and the method of parameter estimation was used to analyse and
determine the reaction rate constants for this reaction. Of the results determined for this
reaction some match well to previous experimental data such as: the reaction rate constant
in acetonitrile-d3 0.157 l mol−1 min−1 is relatively close to the literature value of 0.177 l
mol−1 min−1 of Halvorsen and Sonstad [47] and the value for methanol-d4 of 0.0150 l mol−1
min−1 is in good agreement with the value of 0.0145 l mol−1 min−1 by Forster and Laird
[41]. However, in other solvents the experimental data and previous experimental data do
not match well. This could be for many reasons; for example, the different experimental tech-
niques employed and the methods of kinetic analysis used which were primarily the initial
rates method. A solvatochromic equation was regressed for this reaction based on the one
developed by Kamlet, Taft, Abraham and co-workers [57, 121, 124, 163] which confirms that
this reaction favours dipolar aprotic, non-aromatic type solvents.
The formation of more than one product during a chemical reaction is widely accepted and
commonly encountered. The need to understand and control selectivity, the formation of one
product over the other, is crucial. In Chapter 4 a few general examples of reactions from the
literature where selectivity occurred and how solvents affected this were discussed. Next a
nucleophilic anion capable of attack at two different sites, an ‘ambident anion’ was reviewed
along with many examples from the literature. This review was mostly concerned with the
effect of the solvent on this type of anion and the product formation due to the solvent. From
this review the alkylation reaction of sodium β-naphthoxide and benzyl bromide was chosen
to be studied as it appeared to be most susceptible to solvent effects. It was clear from the
literature that depending on the solvent used a different ratio of products would form, for
example in dipolar aprotic solvents such as DMSO or DMF the O–alkylation product formed
in yields over 95 %, whereas in polar protic solvents such as water or 2,2,2-trifluoroethanol
the C–alkylation product formed, with yields greater than 80 % [68].
The alkylation reaction of sodium β-naphthoxide and benzyl bromide was studied in 9 solvents
(with the reaction being studied in 1,4-dioxane and 1,4-dioxane-d8), using the same method
as previously employed. From the literature available the authors determined product ratios
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based on the weighted yields of the products so for some solvents there are data available.
Examples of these are: methanol-d4, ethanol-d6, THF-d8, 1,2-DME. Some of the solvents that
were studied in this work and were not studied by Kornblum et al. [68] were acetonitrile-d3,
acetone-d6, ethyl acetate, 1,4-dioxane and 1,4-dioxane-d8, thereby providing new data. The
determination of the reaction rate constants in all solvents is also novel as this has not been
studied before. Determining which solvents to use was difficult as the reagents in this re-
action, especially sodium β-naphthoxide had limited solubility in most solvents, and benzyl
bromide does not dissolve in water.
From the determination of reaction rate constants for the alkylation reaction of sodium
β-naphthoxide and benzyl bromide, it was found that the O–alkylation reaction proceeded
fastest in acetone-d6 and slowest in 1,4-dioxane, and the C–alkylation reaction proceeded fast-
est in acetonitrile-d3 and slowest in THF-d8. The solvent that had the highest O–alkylation
product was acetone-d6 (95:5 % O:C), the solvent that favoured the C–alkylation product
was 1,4-dioxane (76:24 % C:O) and the solvent that gave an almost equal product ratio with
O:C of 51:49 % was ethyl acetate. Some general similarities can be drawn between this work
and the work of Kornblum et al. [68]; solvents with high dielectric values favour O–alkylation
for example acetonitrile and acetone, solvents with hydrogen bonding capabilities produce
more C–alkylation product for example, methanol and ethanol and finally solvents with low
dielectric values favour C–alkylation over O–alkylation such as 1,4-dioxane. Using the reac-
tion rate constants that were determined, two solvatochromic equations were regressed for
the two different reactions. Both solvatochromic equations showed that both reactions favour
dipolar aprotic solvents with high acidity, however, the solvatochromic equation regressed for
the O–alkylation reaction which showed a more pronounced affinity towards the effects of
solvents than the C–alkylation product.
Overall the objectives of the thesis as stated in Section 1.1 were met. This was demonstrated
by examples of how solvents affect reactions in the background of Chapters 2, 3, 4 and
Appendix A. The effect that solvents have on reactions were further shown experimentally
by two reactions, the Menschutkin reaction of phenacyl bromide and pyridine studied in ten
solvents and for the alkylation reaction of sodium β-naphthoxide and benzyl bromide in nine
solvents. Reaction rate constants were determined for both reactions and showed that these
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reactions proceed fastest in polar solvents over non-polar solvents. They favour more polar
solvents as they are examples of SN2 reactions that proceed through a charged transition state
and this charge is greatly stabilised by more polar solvents. The alkylation reaction was an
example of a reaction where two products, the O–alkylation and C—alkylation products,
are made and this can be influenced by the solvent. The highest product formation of the
O–alkylation product was shown in acetone-d6 where the ratio as high as 95 % was achieved,
demonstrating that this reaction favours dipolar aprotic solvents. The highest C–alkylation
product was achieved in 1,4-dioxane at 76 %, showing that this product favours non-polar
solvents.
5.2 Contributions of this Work
The contributions of the present work can be summarised as follows:
• A systematic methodology of collecting kinetic data for reaction kinetics using the
method of in situ 1H NMR spectroscopy;
• The generation of new high quality data from the kinetic methodology employed for
two reactions;
• This work provides further understanding of kinetics, reaction rate for both reactions
and selectivity of the sodium β-napthoxide reaction;
• The regression of three empirical solvatochromic equations that allow for the prediction
of reaction rate constants and selectivity in other solvents.
5.3 Direction for Future Work
Based on what has been accomplished in this work some ideas for future works are listed
below:
• The alkylation reaction studied in this thesis could be studied at different temperatures
to determine the effect of temperature by collecting reaction rate constants and so
Arrhenius equations can be extrapolated, where a change in temperature may influence
the product ratio. However according to the work of Hopkins et al. [62] a change in
5. Concluding Remarks and Future Work 240
temperature only increases the reaction rate, it does not alter selectivity but only aids
product decomposition. This phenomenon could be reaction specific and would not be
proved until further reactions had been studied;
• The systematic methodology that has been developed in this work can be applied to
any reaction to study the kinetics of homogeneous liquid-phase reactions. The reactions
discussed in the background of Chapter 4 where ambident anions are involved, could
be studied as it is known that selectivity already occurs however, the kinetics could be
investigated. Examples of these could involve the alkylation reactions of pyrimidine or
pyridone [62–64]; the alkylation reaction involving metal pyrroles [65] and the alkylation
of the phenoxide ion [67]. This methodology could be applied to any SN2 reaction,
for example organocatalytic reactions with a few examples shown in the background
section of Chapter 4. Two possible examples could be the α-selenation reaction of
propanal N -(phenylseleno)phthalimide to give the α-seleno aldehyde, shown in Figure
4.5, as studied by Tiecco et al. [60] and the bromolactonisation reaction of 4-phenyl-4-
pentenoic acid with NBS (N -bromosuccinimide) catalysed by dimeric cinchona alkaloid,
shown in Figure 4.6, investigated by Jones et al. [61];
• Chiral reactions could be studied in different solvents to further understand the enan-
tiomeric excess, as a certain solvent could suppress one enantiomer formation over the
other. This would be very important for pharmaceutical companies where the need for
enantiomeric purity is especially important;
• As this thesis is in collaboration with work on a systematic computer-aided approach
to solvent design, developed by Folic et al. [121, 124] and Stuebing et al. [51], it would
be good to incorporate the regressed solvatochromic equations into this.
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Appendix A
Background - Additional Literature
Examples
A.1 Further Examples of Solvent Effects on Chemical React-
ivity
i) Abe et al. [101] studied the cycloaddition reaction of an imidazo-[2,1-b]thiazole with
dimethyl acetylene dicarboxylate shown in Figure A.1. In a nonpolar solvent such as
xylene, a Diels-Alder reaction takes place to form pyrrolo[2,1-b]thiazole with a 63 %
yield after refluxing for 27 hours [101]. However, when the reaction was carried out
in acetonitrile, a dipolar aprotic solvent, after 11 days at room temperature the 1,4-
cycloaddition takes place forming an imidazo[1,2-a] pyridine in a 40 % yield with some
of pyrrolo[2,1-b]thiazole with a 13 % yield [101].
ii) Solvents can affect the stereoselectivity of a reaction, and an example of this is the
Grignard-reaction of racemic (±)-3-phenylbutanone and phenylmagnesium bromide as
shown in Figure A.2 [73, 74]. The reaction forms two pairs of stereoisomeric entantiomers,
2,3-diphenylbutan-2-ols„ the (R,R)- and (S,S)- and the (S,R)- and (R,S)- forms. The
ratios of the enantiomers formed appear to be solvent dependent as an increasing amount
of the (S,R)- and (R,S)- is formed, from 26 to 73 %, when changing solvents from the
nonpolar triethylamine to the more polar 1,2-dimethoxyethane (1,2-DME) as shown in
Table A.1. This shows that the activated complex leading to the aforementioned enan-
tiomer products must be dipolar and therefore more strongly solvated in polar solvents.
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Figure A.1: The reaction of imidazo-[2,1-b]thiazole with dimethyl acetylene dicarboxylate
(E − C ≡ C − E, where E = CO2CH3), where in a nonpolar solvent such as xylene a [4 +
2] Diels-Alder cycloaddition took place forming pyrrolo[2,1-b]thiazole in a 63 % yield, however
in a dipolar aprotic solvent such as acetonitrile (CH3CN) a 1,4-dipolar cycloaddition occurred
forming imidazo[1,2-a] pyridine in a 40 % yield with some pyrrolo[2,1-b]thiazole (13 % yield)
[101].
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Figure A.2: The Grignard-reaction of racemic (±)-3-phenylbutanone and phenylmagnesium
bromide to give sereoisomeric 2,3-diphenylbutan-2-ols; the (R,R)- and (S,S)- and the (S,R)- and
(R,S)- forms [73, 74].
In summary this shows that this type of reaction is not only sterically controlled (cf.
Cram’s Rule) but can also be controlled by the solvent [154].
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Table A.1: Solvents and product (%) formation of the Grignard-reaction of racemic (±)-3-
phenylbutanone and phenylmagnesium bromide to give sereoisomeric 2,3-diphenylbutan-2-ols;
the (R,R)- and (S,S)- and the (S,R)- and (R,S)- forms [73, 74].
Solvent % [(S,R)+(R,S)]
Triethylamine 26
Diethyl ether 36
1,4-Dioxane 49
THF 61
Diglyme 66
1,2-DME 73
A.2 Examples of Solvent Effects on the Diels-Alder Reaction
An example of this is the Diels-Alder dimerisation reaction of cyclopentadiene to give endo-
dicyclopentadiene, the reaction scheme is shown in Figure A.3 [23, 75]. The second-order
H
H
Figure A.3: The Diels-Alder dimerisation reaction of cyclopentadiene to give endo- dicyclo-
pentadiene, adapted from [23, 75].
reaction rate constants for this reaction were measured in the gas phase and for a variety
of solvents of varying polarity, shown in Table A.2. It can be seen that a change in solvent
has little or negligible effect on the rate of reaction, as the relative reaction rate constant
only increases 4-fold from the neat liquid to ethanol. The relatively small difference can be
attributed to the similarities in the charge distribution of the isopolar transition state and the
ground state [23]. This is true of all pericyclic reactions, of which the Diels-Alder 1,4-addition
reactions of alkenes (dienophiles) to conjugated dienes is an example [23].
Breslow [76, 264, 265] and Grieco [102, 266, 267] have extensively studied the effects of organic
solvents on Diels-Alder reactions of which two of these are shown below, followed by a third
example concerning the effects of ionic liquids on Diels-Alder reactions:
1. Rideout and Breslow [76] studied the Diel-Alder cycloaddition of 9-(hydroxymethyl)
anthracene and N -ethylmaleimide, shown in Figure A.4, in 6 different reaction mediums
at 45 ◦C with reaction rate constants and relative reaction rate constants displayed in
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Table A.2: A range of solvents for the Diels-Alder dimerisation reaction of cyclopentadiene to
give endo-dicyclopentadiene at 20 ◦C, from [23, 75], where k2 is the second order reaction rate
constant, krel2 is the reaction rate constant relative to that in the neat liquid.
Medium 105 k2 krel2
(l mol−1 min−1)
Neat liquid 3.12 1.0
Benzene 3.96 1.3
Gas-phase 4.14 1.3
Tetachloromethane 4.74 1.5
Carbon disulfide 5.58 1.8
Parafin oil 5.88 1.9
Nitrobenzene 7.80 2.5
Ethanol 11.40 3.7
Table A.3. They also carried out more Diels-Alder reactions which are shown in Table
A.3, however these reactions had more additional components added to them and there
are less pure solvents studied, whereas in example a) 5 pure solvents are investigated.
When carrying out the reaction of 9-(hydroxymethyl) anthracene and N -ethylmaleimide
in acetonitrile over isooctane the reaction rate only increases ∼7 times. However, when
the solvent was changed from acetonitrile to water the relative reaction rate increased
211 times, this is even further accelerated 528 times when lithium chloride (4.86 mol
l−1) is added to water, which is a solute known to increase hydrophobic interactions
[264]. Although when guanidinium perchlorate in water was used, the reaction rate is
3 times slower than in water [264], as guanidinium perchlorate as a solute decreases
hydrophobic effects [264]. The hydrophobic interactions of water promote association
of the diene and the dienophile during the activation process [5, 76, 265].
N
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OH
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45 °C
Figure A.4: The Diel-Alder cycloaddition of 9-(hydroxymethyl)anthracene and
N -ethylmaleimide [76].
2. Grieco et al. [102] the Diels-Alder reaction of 2,6-dimethyl-1,4-benzoquinone and
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Table A.3: The Diels-Alder reactions of: a) Cyclopentadiene and Butenone at 20 ◦C; b) Cyc-
lopentadiene and Acrylonitrile at 30 ◦C, c) 9-(hydroxymethyl)anthracene and N -ethylmaleimide
at 45 ◦C, where k2 is the second-order reaction rate constant, krel2 is the reaction rate constant
relative to that in the first line of the example [76].
Solvent Additional Component k2 × 105 krel2
(l mol−1 s−1)
a) Cyclopentadiene + Butenone, 20 ◦C
Isooctane 5.94 ± 0.3 1
Methanol 75.5 13
Water α-cyclodextrin (0.005 mol l−1) 2610 439
Water C(NH2)3 +Cl− (4.86 mol l−1) 4300 724
Water 4400 ± 70 741
Water LiCl (4.86 M) 10800 1818
Water β-cyclodextrin (0.01 mol l−1) 10900 1835
b) Cyclopentadiene + Acrylonitrile, 30 ◦C
Isooctane 1.9 1
Methanol 4 2
Water 59.3 25
Water α-cyclodextrin (0.005 mol l−1) 47.9 31
Water β-cyclodextrin (0.01 mol l−1) 537 283
c) 9-(hydroxymethyl)anthracene + N -Ethylmaleimide, 45 ◦C
Acetonitrile 107 ± 8 1
Methanol 344 ± 25 3
1-Butanol 666 ± 23 6
Isooctane 796 ± 71 7
Water β-cyclodextrin (0.01 mol l−1) 13800 129
Water 22600 ± 700 211
methyl (E)-3,5-hexadienoate, shown in Figure A.5, in toluene for 7 days at 25 ◦C,
which only produced trace amounts of the cycloadduct product. Although, when the
solvent was changed to water and the diene used was the sodium diene, (sodium (E)-
3,5-hexadienoate) the reaction rate increased greatly with the yield obtained of the cyc-
loadduct after one hour up to 77 %. This can be explained by the same phenomenon
as previously described of the hydrophobic interactions.
3. Welton et al. [77] studied the cycloaddition reactions of cyclopentadiene and acrolein,
methyl acrylate and acrylonitrile, as shown in Figure A.6, which were measured in 9
ionic liquids and some organic solvents at 25 ◦C. Second-order reaction rate constants
were determined for these reactions in the solvents as shown in Table A.4.
Some conclusions can be drawn from this study [77]:
A. Background - Additional Literature Examples 276
k2
25 °C
O
O
O
O H
O
O R
O
O
Figure A.5: The Diels-Alder reaction of 2,6-dimethyl-1,4-benzoquinone and methyl (E)-3,5-
hexadienoate (R = CH3) at 25 ◦C studied by Grieco et al. [102]. In toluene the reaction was
left for 7 days and only trace amounts of the product was formed however, when the solvent was
changed to water and sodium diene (sodium diene, (sodium (E)-3,5-hexadienoate), R = Na+)
used, the product yield obtained of the cycloadduct after 1 hour was 77 %.
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Figure A.6: The Diels-Alder cycloaddition reactions of cyclopentadiene and acrolein, methyl
acrylate and acrylonitrile and the ionic liquids used [77].
• Of the three reactions studied only the polar ionic liquid ([Hbim][N(Tf)2]) showed
rate acceleration relative to the nonpolar hexane of 362, 7 and 41 for the dieno-
philes: acrolein, methyl acrylate and acrylonitrile respectively. For acrolein and
methyl acrylate in the rest of the solvents and organic solvents the highest rel-
ative rate achieved (×4) which is the usual rate acceleration seen for Diels-Alder
reactions.
• The dienophile acrylonitrile showed the greatest variation with all solvents however
the authors conclude that the changes in the reaction rate occurred in a random
way as solvent polarity was not a major factor. For example highly polar ionic
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Table A.4: Second-order reaction rate constants (k2) and krel2 is the reaction rate constant relat-
ive to that in hexane for the Diels-Alder reaction between cyclopentadiene and three dienophiles
(acrolein, methyl acrylate and acrylonitrile) at 25 ◦C [77].
Solvent Acrolein Methyl Acrylate Acrylonitrile
k2 × 104 krel2 k2 × 105 krel2 k2 × 105 krel2
(l mol−1 s−1) (l mol−1 s−1) (l mol−1 s−1)
[Hbim][N(Tf)2] 163 ± 6.00 362 9.12 ± 0.01 7 4.53 ± 0.21 41
[bmim][BF4] 1.76 ± 0.03 4 4.69 ± 0.04 4 4.48 ± 0.32 41
[bmim][PF6] 1.40 ± 0.03 3 4.31 ± 0.11 4 2.63 ± 0.13 24
[emim][N(Tf)2] 2.60 ± 0.05 6 4.19 ± 0.17 3 2.53 ± 0.84 23
[bmim][OTf] 2.16 ± 0.06 5 4.30 ± 0.07 3 1.06 ± 0.22 10
[bmim][N(Tf)2] 2.30 ± 0.06 5 3.23 ± 0.01 3 3.64 ± 0.40 33
[omim][N(Tf)2] 1.46 ± 0.04 3 3.31 ± 0.08 3 6.85 ± 0.93 62
[bmpy][N(Tf)2] 1.93 ± 0.06 4 3.88 ± 0.03 3 5.04 ± 0.77 46
[bm2im][N(Tf)2] 1.40 ± 0.03 3 3.42 ± 0.20 3 4.00 ± 0.61 36
Acetronitrile 1.01 ± 0.02 2 2.21 ± 0.13 2 1.72 ± 0.27 16
Acetone 0.67 ± 0.01 1 1.12 ± 0.03 1 1.35 ± 0.25 12
Dichloromethane 1.50 ± 0.02 3 - - 2.81 ± 0.93 8
Ethyl acetate 0.10 ± 0.00 0 - - 1.01 ± 0.17 9
Toluene 1.00 ± 0.02 2 1.70 ± 0.18 1 - -
Hexane 0.45 ± 0.01 1 1.23 ± 0.04 1 0.11 ± 0.05 1
liquids such as [bmim][PF6], [emim][N(Tf)2] and [bmim][OTf] have reaction rate
constants with magnitudes similar to those of relatively polar molecular solvents
[77].
• The rate of reaction almost decreased to half on going from [bmim][N(Tf)2] to
[bm2im][N(Tf)2]. The authors attributed this decrease to the replacement of the
slightly acidic hydrogen at position C-2 with a methyl group in the imidazolium
cation.
• the changes in the reaction rates are not related to the solvophobicity or the
hydrogen bond donor ability of the solvent, as acrylonitrile is a poor hydrogen
bond acceptor compared to acrolein and methyl acrylate.
Appendix B
Experimental Techniques for
Reaction Monitoring
B.0.1 Absorbance
In spectroscopy, the absorbance (also called optical density) of a material is a logarithmic
ratio of the radiation falling upon a material, to the radiation transmitted through a material,
shown mathematically in Equation B.1 [103]. Spectrophotometric absorption measurements
can be carried out over a range of wavelengths covering the electromagnetic spectrum from
microwave spectra → infrared spectra → visible and ultraviolet region [268], shown in Figure
B.1. Every reacting species in a reaction mixture has a distinct absorption signature that
Figure B.1: A schematic to show the electromagnetic spectrum of light, adapted from [103].
is characteristic of the molecule. The absorption bands for the reactants / intermediates /
products can either differ in the molar absorptivities, in the wavelengths or both [268]. These
differences are advantageous as they can be used to monitor reactions. To determine the
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relationship of an absorbing species to its concentration, c, the intensity of the incident light,
I0 and the transmitted intensity, I is given by the Beer-Lambert law,
A = log10
(
I0
I
)
(B.1)
A = ε`c (B.2)
where A is absorbance, ε is the molar extinction coefficient and ` is the path length of the
cell [103]. As shown in equation (B.2) it follows that absorbance is a linear function of
concentration; however, the percentage absorption is not [177]. For a number of molecules,
the total absorbance is the sum of the individual absorbance of each species (i) by [177],
A =
∑
i
εici`. (B.3)
So it follows that for a reaction mixture of n components the concentration can be determined
by measuring the absorbance at different wavelengths λi, where the value of the molar ex-
tinction coefficient is known for each component at these wavelengths [177]. The wavelengths
selected are usually the wavelengths of maximum absorption (absorbance maxima) for the
individual components whereby none of the wavelengths must be an isosbestic point 1 for a
pair of species. However, in practice this may be more difficult whereby peaks will overlap
and some peaks may not be so sharp. Therefore for n components with concentrations ci and
wavelengths λi, absorbances can be obtained by using,
A(λi) = `
n∑
i=1
εj(λi)cj (B.4)
where a set of simultaneous equations can be solved to determine the concentration of each
species.
Usually, the most frequently used technique for spectrophotometry is UV-Vis spectroscopy
for compounds that absorb strongly in the near UV / visible region [173]. The advantages of
using UV-Vis spectroscopy are that quantitative measurements can be performed accurately,
very small concentrations can be measured of the order of 10−3 mol l−1 and solvents such as
water, alcohols do not absorb significantly and so are less likely to interfere with the acquired
spectra [173]. However, the cuvette needs to be selected carefully as the material of the
1An isosbestic point is a specific wavelength, wavenumber or frequency at which the total absorbance of a
sample does not change during a chemical reaction or a physical change of the sample [151]
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cuvette can absorb in certain regions, affecting results.
Infrared spectrometry is useful when UV-Vis cannot be used; however, there are several
disadvantages to its use: infrared spectrometry is less sensitive, so it requires larger con-
centrations; solvents, especially water, absorb within the spectrum; the probe being either
diamond or silicon, also absorbs, which might inadvertently block parts of the region(s) which
may need measuring. This can be overcome by first taking a spectrum of the solvent by itself
and subtracting this spectrum from other spectra, therefore eliminating the solvent. Also IR
is useful when you have regions where there are no solvent peaks but only the components
that are under investigation, and so there is no need for this mathematical manipulation.
Figure B.2 shows an in situ IR spectra where the reaction of phenacyl bromide and pyridine
in methanol is monitored at 25 ◦C. It can be seen that the very large peaks are solvent peaks,
and the negative signal is due to the diamond probe which absorbs in the region of 1900-2300
cm−1.
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Figure B.2: FTIR spectra of an experiment of phenacyl bromide with pyridine in methanol.
The axis are absorbance (A.U), wavenumber (cm−1) and time (min). Each line represents a
different spectra at two minute intervals.
The other spectrophotometry methods such as microwave spectroscopy are used for simple
molecules; and fluorescence emission spectroscopy is very sensitive but specific to certain
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groups, e.g. the oxidation of thiamine (vitamin B1) to thiochrome (Figure B.3) can be
followed [104, 268].
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Figure B.3: The oxidation (Ox) of thiochrome from thiamine (vitamin B1) via an intermediate
adapted from [104].
B.0.2 Reaction Calorimetry
Reaction calorimetry is another methodology widely used to monitor reaction rates. It has
the same advantages as IR in the sense that it is quick, requires few experiments and a lot of
experimental information can be gathered. Reaction calorimetry is a differential method as
it directly measures rate and from this concentration data can be determined by integration.
It measures the instantaneous heat flow of the reaction (q). This flow divided by the total
volume (V ) and the thermodynamic heat of reaction (ΔHrxn) is equal to the rate of reaction,
see equation (B.5), provided no other phenomenon occurs for example mixing, precipitation,
crystallisation etc [181].
r = qΔHrxn ∙ V (B.5)
To determine the fractional conversion and therefore the concentration of the reactants, the
rate data must be integrated using equation (B.6), where the numerator represents the area
under the heat flow curve up to any time point (t) and the denominator represents the total
area under the heat flow curve at reaction completion at time t=tend.
fractional conversion =
∫ t=t
t=0 q(t) ∙ dt∫ t=tend
t=0 q(t) ∙ dt
(B.6)
The main limitation of using fractional conversion is that one needs to know how much of
the starting material, if any, has been left unreacted. This technique works well for catalyst-
activated reactions where the catalyst can be removed thus stopping the reaction, and so the
amount left of the starting material quantified. This can be done using an analytical tech-
nique such as HPLC / GC. This means that when fractional conversion is used, the fraction of
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the reactant(s) left must be known, therefore complete conversion is not assumed as a known
value of conversion has been reached for example 95 % conversion. Unfortunately, this is not
a very accurate method when a catalyst is not used, as the end point of the reaction cannot
be determined due to the lack of sensitivity of the equipment.
Blackmond et al. [269], used many methods to study the mechanistic detail of the role of
water in the aldol reaction of acetone and 2-chlorobenzaldehyde. To determine the mech-
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Figure B.4: Aldol reaction of acetone and 2-chlorobenzaldehyde to form 1-(2-chloro-phenyl)-
pentan-1-ol, at 25 ◦C in DMSO.
anism ‘same’ and ‘different’ excess experiments [181] were used. The heat flow obtained
from reaction calorimetry is the primary method chosen and to confirm that this is an ac-
curate representation of the rate of reaction, the authors also used FTIR spectroscopy and
HPLC measurements. As there is agreement between all methods, this shows that they are
measuring the same reaction process.
B.0.3 Conductance by Electrochemical Methods
Electrochemical methods are used to measure the conductance of charged species, whether
this be the reactants or products, by monitoring the depletion in charge / charged species
or the formation of a charge / charged species. This means that this method can be used to
monitor the kinetics of reactions that involve a charged species. This can only work if there
is appearance or disappearance of charged species, so will not work for all reactions with
charged species.
Earlier workers studying kinetic effects on the Menschutkin reaction chose the method of
conductance to follow the reaction. This is because the product that is formed from neutral
reactants is a salt / ion (it has a positive and negative charge associated with it), and this can
be followed electrochemically. Examples of where this technique has been used are discussed
in references [39–41].
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In the experimental paper by Barnard and Smith [39], second order reaction rate constants
were obtained using pseudo-first order analysis for the reaction of phenacyl bromide with
pyridine / tertiary amines. They also investigated the effects of a few solvents on reactions
by measuring the effect of replacing a protic solvent with a dipolar aprotic one. To measure
the rate of reaction they used conductivity measurements: they first mixed pyridine and
methanol in the cell and warmed to the required temperature. Phenacyl bromide was then
added to the solution. This was mixed well and allowed to equilibrate to the required tem-
perature. The first conductivity measurement was taken after ∼5 min and then subsequent
measurements taken every minute. An excess concentration of amine (0.05-0.15 mol l−1) was
used approximately ten times greater than phenacyl bromide (0.005-0.015 mol l−1). This was
to ensure pseudo-first order kinetics and so the application of the Guggenheim method to the
experimental data.
B.0.4 Fast Reactions
Some chemical and biochemical reactions can be very fast, over within less than 1 second,
therefore specialist techniques must be employed to follow the rates of these reactions. Ac-
cording to Laidler [106] there are two main ways to follow these reactions: the first technique
is the same as the techniques mentions in Sections 2.4 - B.0.3 previously used in the slower
reactions modified to make them more suitable for faster reactions; and the second technique
is of a different nature and involves specialist equipment and will be discussed in the follow-
ing sections. The disadvantages of using conventional techniques for monitoring more rapid
reactions according to Laidler [106] are;
1. The initial time cannot be determined accurately and so error will be made waiting for
the reactants to mix together and equilibrate them at a certain temperature, this may
be significantly different to the half-life of the reaction,
2. The time that it takes for a spectrum to be collected may also be significant compared
to the half-life of the reaction.
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B.0.4.1 Continuous Flow
Flow techniques are used to study fast reactions on the timescale of seconds to milliseconds.
In the simplest flow system as shown in Figure B.5, two gases / solutions are rapidly mixed
in a mixer and then made to flow along a tube with composition determined along the tube,
if the flow velocity is known, either with a moveable detector or at fixed points. The moment
of mixing is time = 0 therefore mixing limits the rate of reaction, e.g. if mixing takes 10−3
s, then reactions that are over within less than 10−3 s cannot be studied [105].
Figure B.5: A schematic diagram to show the set up of a flow apparatus where the reaction
mixture flows from left to right, i.e. down the tube and the observation points / detection points
can be replaced by a moveable detector, adapted from [105].
B.0.4.2 Stopped-Flow Methods
If reactions happen almost instantaneously (usually in the millisecond time range) upon mix-
ing, a method that can be used to monitor the kinetics of the reaction is the method of
stopped-flow. This method was first used by Rutherford [270] to study reactions in the gas-
phase, and the technique was developed for liquid phase reactions by Hartridge and Roughton
[271] and Millikin [272]. The specific technique of stopped-flow was first introduced by Chance
[273–275] and adapted for studying reactions in solution, whereby the reactants are separ-
ately mixed in a solvent and maintained in their separate syringes, e.g. substance A in
syringe A and substance B in syringe B, as shown in Figure B.6. The syringes are injected
together and the components (A and B) are mixed rapidly in a mixing chamber, then passed
along to a reaction cuvette, where they are “stopped” suddenly and analysed with time [106].
The cuvette may also be a mixing chamber and the methods of analysis can be spectro-
scopically (to measure IR / UV-Vis), calorimetry (measures enthalpy), electrochemically or
photometry (light absorption/fluorescence). This is advantageous for fast reactions as the
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mixing can be complete in ∼0.001 s [106] and only very small reaction volumes are used [105].
Figure B.6: Schematic diagram to show the stopped-flow apparatus, adapted from [23, 105, 106].
The stopped-flow technique has been used extensively to study the kinetics of many fast
chemical reactions, and has been specifically applied to biochemical reactions. Some examples
where the method of stopped-flow has been used are: using fluorescence to follow the kinetics
of the association of two folded proteins interacting (in this case the protein Mcl-1 and
the peptide mimic unstructured protein ) and determining that this is not ‘diffusion-limited’
despite having a high rate constant of association to be k+ = 1.59 × 107 l mol−1 s−1, which is
normally quoted as in the ‘diffusion-limited’ region (105−106 l mol−1 s−1 at high ionic strength
[276]; the stopped-flow NMR method was used to study the kinetics of the polymerisation of
1-hexene in the presence of rac-(C2H4(1-indenyl)2)ZrMe2 and B(C6F5)3 in toluene-d8 at ∼24
◦C, where the fitted (average of 6 experiments of differing initial concentrations) reaction
rate constants were determined to be ki = 0.2353 l mol−1 s−1 for initiation, kp = 16.83 l
mol−1 s−1 for propagation, kt = 0.0323 l mol−1 s−1 for chain transfer and kr = 2.06 l mol−1
s−1 for reinitiation [107]; and to study the kinetics of the reaction of hydrogen peroxide with
chloramine disinfectants (NH2Cl, NHCl2, NCl3) using the stopped-flow UV-Vis technique,
H2O2 +NH2Cl −→ products (B.7)
H2O2 +NHCl2 −→ products (B.8)
rate constants for the mono- (Equation (B.7)) and dichloramine-peroxide (Equation (B.8))
reaction were determined to be in the order of 102 l mol−1 s−1 and 105 l mol−1 s−1, respectively
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Figure B.7: Proposed mechanism for the polymerization of 1-Hexene in the presence of rac-
(C2H4(1-indenyl)2)ZrMe2 and B(C6F5)3 adapted from [107].
[108].
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Figure B.8: The proposed mechanism for the initial step of the reaction between mono-
chloramine (NH2Cl) and hydrogen peroxide (H2O2), adapted from [108].
B.0.5 Relaxation Methods
The flow techniques mentioned previously are limited by the rate of mixing as it is impossible
to mix solutions in less than 10−3 s. So if the half-life of a reaction is less than this, then
the reaction is over before it can be measured, and the rate measurement will be the rate of
mixing not the rate of reaction [106]. This problem of mixing has been overcome with the use
of relaxation methods [277], whereby a system is initially at equilibrium at certain conditions
(e.g. a certain temperature and pressure). The conditions are then suddenly changed, and so
the system is no longer at equilibrium, but relaxes to a new state of equilibrium [23, 106]. The
two ways in which a system can be changed are by temperature and pressure (changing the
hydrostatic pressure). Temperature can be increased suddenly: this is commonly referred to
as the temperature-jump or T-jump method. Using this method, the fastest chemical reactions
B. Experimental Techniques for Reaction Monitoring 287
0.0
0.5
1.0
1.5
2.0
 0  50  100  150  200  250
co
n
ce
n
tr
at
io
n 
/ (
m 
mo
l l−
1 )
t / s
Cl−
NH2Cl
Figure B.9: Concentration (m mol l−1) against time (seconds) to show the kinetics of mono-
chloramine and hydrogen peroxide as seen in Figure B.8, where the reaction rate constant was
measured to be 2.76 × 102 l mol−1 s−1, adapted from [108].
can be studied: 1 μs - the time needed to heat the solution to the required temperature; this
can be reduced to 5 × 10−8 s by using a coaxial cable as the heat capacitor; shorter times of
10−8−10−9 s can be achieved using optical heating by using short laser pulses [23]. This rate
of relaxation can be measured spectrophotometry and reaction rate constants determined
accordingly [106]. The T -jump method has been used to study the dissociation of water
electrochemically,
2H2O H3O+ +OH−, (B.9)
whereby after the conductivity increased with time and the half-life relaxation was measured
to be 3.7 × 10−5 at 23 ◦C. The second-order reaction rate constant was calculated to be 1.4
× 1011 l mol−1 s−1 [106, 277].
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B.0.5.1 Shock-Tube Methods
Shock tube methods are primarily used to study gas-phase reactions as the temperature
rise for liquid-phase reactions is much smaller, as liquid-phase reactions are not very pres-
sure sensitive so this is a less useful technique to study liquid-phase reactions [105]. This
method is used for studying reactions with half-lives of between 10−3 and 10−6 s or half-
lives greater than 1 μs (as the heating process takes this long) and for high temperature
gas-phase reactions [106]. The apparatus consists of a long tube / pipe which is divided
into two sections of differing pressures; the smaller compartment contains the driver gas (e.g.
helium or hydrogen) and the larger compartment contains the reaction mixture in argon at
low pressure (∼ 10−3), separated by a thin membrane/diaphragm, shown in Figure B.10
[278]. The process is initiated by filling the driver section with helium or hydrogen until the
Figure B.10: A schematic shock-tube apparatus diagram adapted from [109].
membrane / diaphragm layer bursts / ruptures, the high pressure driver gas expands and
a narrow shock wave is created which travels though the tube heating the reaction mixture
to 104 − 105 K [105]. This is time zero. The shock wave reaches the observation point very
quickly ∼ 10−6 − 10−8 s. The tube is able to stay at this high temperature for ∼ 10−3 s
and all measurements must be made during this time [105]. The course of the reaction is
followed by a detector at the end of the tube or observation points along the tube. Real-time
analysis at the observation points gives concentration with time profiles through the optical
windows / observation points by a variety of sensitive spectroscopic absorption or emission
techniques. This method has been used to study aerodynamics, gas-dynamics, geoscience,
astrophysics, blast waves (e.g. nuclear explosions), heat transfer (radiation and convection)
and gas-phase chemical kinetics of reactions. A few examples of the use of this technique
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in studying chemical reactions are, the quantitative detection of small radicals behind shock
waves using highly sensitive laser absorption based frequency modulation (FM) spectroscopy,
the radicals methylene (1CH2) and formyl (HCO) could be detected for the first time, these
are very important in combustion chemistry [279, 280]; the determination of the reaction rate
constant for the reactions of
H + CH2O −→ H2 +HCO (B.10)
were 6.6 ×1014 exp(-40.6 kJ mol−1/RT ) cm3 mol−1 s−1 at 1510 - 1960 K [281];
NH2 +H2 −→ NH3 +H (B.11)
4.5 ×1013 exp[-61 kJ mol−1/RT ) cm3 mol−1 s−1 at 1360 - 2130 K [282];
and the temperature independent rates of reaction for:
H + HCO −→ H2 +CO (B.12)
to be 1.1 ×1014 cm3 mol−1 s−1 [280];
HCO +HCO −→ CH2O+CO (B.13)
to be 2.7 ×1013 cm3 mol−1 s−1 [280].
B.0.5.2 Flash Photolysis and Laser Pump Techniques
The flash photolysis method first developed by Porter et al. [283, 284] is a method used to
study photochemical reactions to investigate reactions with half-lives as low as 10−12 s. This
is similar to previous methods where the reactants are premixed, then excited by an intense
flash of light / radiation which lasts ∼ 10−4 − 10−4 s, this initiates a reaction; producing
excited species and free radicals [23, 106]. This flash photolysis technique has been used
to study the kinetics and equilibria of enol and enolate ion formation, which are important
intermediates in chemical and biological processes [23, 110].
O OH
Figure B.11: Resonance structures of enol to enolate formation
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These are generated by a Norrish type II 2 photoelimination, which is a photochemical in-
tramolecular abstraction of a γ-hydrogen by an excited compound to produce a 1,4-diradical
[151, 285], as shown in Figure B.11 for the acetone enol formation. The reaction is carried out
RO hν
ROH OH RH
Figure B.12: Norrish type II photoelimination to form the acetone enol [23, 110].
under aqueous conditions and the enol is formed when a flash is shown onto it and the kinetics
of reaction are followed by the decrease in intensity of the enol absorbance at λ = 205-220
nm [23]. The kinetics of the forward and reverse reaction rate constants were determined,
and from this the equilibrium constant was determined to be KE = [enol] / [ketone] = 5 ×
10−9 in water at 25 ◦C [23, 110]. If reactions have even shorter half-lives (e.g. 10−12), pulsed
laser flashes can be employed [286] or the flash photolysis method can be modified to study
reactions with half-lives of 10−9 − 10−15 s. This is where the beam is split, and one part
goes through the reaction mixture and the other part bypasses the reaction mixture and hits
a mirror. This is then reflected back through a fluorescent solution to the reaction mixture
and converts the beam into radiation in the visible region, and measured spectroscopically,
as shown in Figure B.13. This is known as beam splitting [105].
2A Norrish type I reaction is the α-cleavage of an excited carbonyl compound leading to an acyl-alkyl radical
pair (from an acyclic carbonyl compound) or an acyl-alkyl diradical (from a cyclic carbonyl compound) as a
primary photoproduct [151, 285].
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Figure B.13: Schematic diagram of beam splitting apparatus, adapted from [105].
Appendix C
The Menschutkin Reaction:
Spin-Lattice Relaxation (T1) Values
for All Solvents
All measured T1 values, in seconds, for all components in the Menschutkin reaction in all
solvents are shown.
C.1 T1 Measurements in 1,1,2,2-Tetrachloroethane-d2
Table C.1: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in 1,1,2,2-
tetrachloroethane-d2.
Entry peak (ppm) T1 (s)
1 8.012-7.916 2.796
2 7.678-7.589 2.874
3 7.549-7.454 2.6929
4 4.558-4.442 1.903
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Table C.2: Spin-lattice relaxation (T1) values, in seconds, of pyridine in 1,1,2,2-
tetrachloroethane-d2.
Entry peak (ppm) T1 (s)
1 8.671-8.426 4.993
2 7.726-7.542 4.801
3 7.349-7.128 4.690
Table C.3: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in 1,1,2,2-tetrachloroethane-d2.
Entry peak (ppm) T1 (s)
1 9.514-9.060 1.446
2 8.728-8.424 2.219
3 8.326-8.137 1.440
4 8.137-7.947 1.542
5 7.867-7.683 1.734
6 7.683-7.465 1.499
7 7.265-6.932 0.542
Table C.4: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
1,1,2,2-tetrachloroethane-d2.
Entry peak (ppm) T1 (s)
1 6.188-6.056 2.382
2 3.853-3.687 1.050
C. The Menschutkin Reaction: T1 Measurements 294
C.2 T1 Measurements in Acetone-d6
Table C.5: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in acetone-d6.
Entry peak (ppm) T1 (s)
1 8.088-8.004 5.904
2 7.696-7.617 6.107
3 7.591-7.500 5.831
4 4.794-4.692 4.569
Table C.6: Spin-lattice relaxation (T1) values, in seconds, of pyridine in acetone-d6.
Entry peak (ppm) T1 (s)
1 8.682-8.444 6.126
2 7.818-7.631 7.453
3 7.424-7.214 7.352
Table C.7: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in acetone-d6.
Entry peak (ppm) T1 (s)
1 9.504-9.375 4.191
2 8.942-8.807 4.726
3 8.445-8.328 4.078
4 8.244-8.109 4.069
5 7.818-7.689 4.160
6 7.689-7.559 3.815
7 7.081-7.053 1.542
8 7.053-7.020 2.804
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Table C.8: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
acetone-d6.
Entry peak (ppm) T1 (s)
1 6.178-5.989 5.277
2 3.820-3.656 2.2155
C.3 T1 Measurements in Acetonitrile-d3
Table C.9: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 8.016-7.933 6.407
2 7.684-7.605 6.665
3 7.568-7.474 6.288
4 4.702-4.575 4.608
Table C.10: Spin-lattice relaxation (T1) values, in seconds, of pyridine in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 8.653-8.446 8.885
2 7.812-7.613 8.592
3 7.399-7.210 8.517
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Table C.11: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 8.974-8.781 4.103
2 8.687-8.523 4.893
3 8.196-7.988 4.177
4 7.814-7.690 5.175
5 7.690-7.527 4.102
6 6.599-6.416 1.634
Table C.12: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 6.137-6.021 5.328
2 3.818-3.656 2.625
C.4 T1 Measurements in Chloroform-d
Table C.13: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in chloroform-d.
Entry peak (ppm) T1 (s)
1 8.006-7.909 4.358
2 7.627-7.545 4.579
3 7.508-7.423 4.072
4 4.496-4.370 3.116
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Table C.14: Spin-lattice relaxation (T1) values, in seconds, of pyridine in chloroform-d.
Entry peak (ppm) T1 (s)
1 8.611-8.455 6.154
2 7.646-7.527 6.107
3 7.296-7.133 6.066
Table C.15: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in chloroform-d.
Entry peak (ppm) T1 (s)
1 9.375-9.276 2.093
2 8.549-8.463 2.887
3 8.236-8.151 2.373
4 8.117-8.014 2.655
5 7.736-7.642 2.612
6 7.599-7.501 2.310
7 7.235-7.171 0.707
Table C.16: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
chloroform-d.
Entry peak (ppm) T1 (s)
1 6.150-6.042 3.836
2 3.840-3.679 1.794
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C.5 T1 Measurements in DMSO-d6
There are no T1 measurements of phenacyl bromide with DMSO-d6 as they react.
Table C.17: Spin-lattice relaxation (T1) values, in seconds, of pyridine in DMSO-d6.
Entry peak (ppm) T1 (s)
1 8.650-5.465 11.937
2 7.836-7.670 12.301
3 7.412-7.264 12.249
Table C.18: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in DMSO-d6.
Entry peak (ppm) T1 (s)
1 9.207-9.054 1.310
2 8.815-8.680 1.831
3 8.379-8.221 1.650
4 8.131-8.005 1.447
5 7.834-7.712 1.946
6 7.712-7.541 1.609
7 6.776-6.600 0.403
Table C.19: Spin-lattice relaxation (T1) values, in seconds, of dibenzyl ether in DMSO-d6.
Entry peak (ppm) T1 (s)
1 7.414-7.323 4.185
2 7.323-7.228 4.747
3 4.582-4.440 1.699
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C.6 T1 Measurements in Ethanol-d
Table C.20: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in ethanol-d.
Entry peak (ppm) T1 (s)
1 8.108-7.977 3.165
2 7.725-7.608 3.418
3 7.599-7.468 3.074
4 4.722-4.549 2.607
Table C.21: Spin-lattice relaxation (T1) values, in seconds, of pyridine in ethanol-d.
Entry peak (ppm) T1 (s)
1 8.395-8.217 4.127
2 7.668-7.529 4.968
3 7.256-7.129 4.540
Table C.22: Spin-lattice relaxation (T1) values, in seconds, of the N -phenacylpyridinium brom-
ide, the product, in ethanol-d.
Entry peak (ppm) T1 (s)
1 9.027-8.908 2.710
2 8.720-8.601 2.558
3 8.193-8.095 1.971
4 8.095-7.987 2.440
5 7.697-7.586 2.181
6 7.554-7.446 1.688
7 4.470-4.330 3.565
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Table C.23: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
ethanol-d.
Entry peak (ppm) T1 (s)
1 6.051-5.905 2.737
2 3.750-3.604 2.129
C.7 T1 Measurements in Methanol-d4
Table C.24: Spin-lattice relaxation (T1) measurements, in seconds, of phenacyl bromide in
methanol-d4.
Entry peak (ppm) T1 (s)
1 8.013-7.934 5.037
2 7.637-7.565 5.449
3 7.531-7.436 4.922
4 4.651-4.571 3.772
Table C.25: Spin-lattice relaxation (T1) measurements, in seconds, of pyridine in methanol-d4.
Entry peak (ppm) T1 (s)
1 8.574-8.433 5.689
2 7.868-7.756 6.670
3 7.482-7.318 6.223
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Table C.26: Spin-lattice relaxation (T1) measurements, in seconds, of N -phenacylpyridinium
bromide, the product, in methanol-d4.
Entry peak (ppm) T1 (s)
1 9.143-8.988 2.732
2 8.768-8.670 3.021
3 8.270-8.168 2.552
4 8.168-8.071 2.654
5 7.810-7.688 2.861
6 7.655-7.541 2.387
7 6.685-6.534 1.467
Table C.27: Spin-lattice relaxation (T1) measurements, in seconds, of 1,3,5-trimethoxybenzene
(IS) in methanol-d4.
Entry peak (ppm) T1 (s)
1 6.093-6.014 4.418
2 3.751-3.658 2.412
C.8 T1 Measurements in Nitromethane-d3
Table C.28: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in
nitromethane-d3.
Entry peak (ppm) T1 (s)
1 8.065-7.967 5.457
2 7.725-7.644 5.841
3 7.614-7.519 5.531
4 4.727-4.620 3.726
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Table C.29: Spin-lattice relaxation (T1) values, in seconds, of pyridine in nitromethane-d3.
Entry peak (ppm) T1 (s)
1 8.627-8.441 8.676
2 7.834-7.648 9.276
3 7.406-7.250 9.252
Table C.30: Spin-lattice relaxation (T1) values, in seconds, of N -phenacylpyridinium bromide,
the product, in nitromethane-d3.
Entry peak (ppm) T1 (s)
1 9.098-9.019 2.804
2 8.784-8.671 2.585
3 8.277-8.178 3.330
4 8.178-8.095 2.844
5 7.830-7.727 3.761
6 7.684-7.585 2.971
7 6.783-6.667 1.079
8 2.333-2.214 5.854
Table C.31: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene in
nitromethane-d3.
Entry peak (ppm) T1 (s)
1 6.138-6.082 4.357
2 3.816-3.703 2.063
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C.9 T1 Measurements in THF-d8
As N -phenacylpyridinium bromide, the product does not dissolve in THF/THF-d8 there are
no measured T1 values.
Table C.32: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in THF-d8.
Entry peak (ppm) T1 (s)
1 8.087-7.945 5.267
2 7.681-7.546 5.772
3 7.546-7.403 5.066
4 4.710-4.554 3.803
Table C.33: Spin-lattice relaxation (T1) values, in seconds, of pyridine in THF-d8.
Entry peak (ppm) T1 (s)
1 8.668-8.439 8.427
2 7.758-7.569 8.201
3 7.359-7.150 8.099
Table C.34: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
THF-d8.
Entry peak (ppm) T1 (s)
1 6.146-5.981 4.245
2 3.784-3.645 1.873
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C.10 T1 Measurements in Toluene-d8
As N -phenacylpyridinium bromide, the product, does not dissolve in toluene / toluene-d8
there are no measured T1 values.
Table C.35: Spin-lattice relaxation (T1) values, in seconds, of phenacyl bromide in toluene-d8.
Entry peak (ppm) T1 (s)
1 7.638-7.468 4.763
2 7.128-7.010 5.447
3 7.010-6.907 4.845
4 3.819-3.647 3.360
Table C.36: Spin-lattice relaxation (T1) values, in seconds, of pyridine in toluene-d8.
Entry peak (ppm) T1 (s)
1 8.502-8.325 7.372
2 7.083-6.944 7.728
3 6.753-6.590 7.309
Table C.37: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
toluene-d8.
Entry peak (ppm) T1 (s)
1 6.107-5.996 4.144
2 3.355-3.244 1.076
Appendix D
The Menschutkin Reaction: All
Solvents
D.1 1,1,2,2-Tetrachloroethane-d2
Table D.1: Reactant concentrations used for the experiments in 1,1,2,2-tetrachloroethane-d2.
[1]0weight is the concentration of phenacyl bromide based on the weighted amount. [1]0NMR
is the initial concentration of phenacyl bromide from the NMR reading at time zero (t=0).
[1]0estimated is the estimated value of the initial concentration of phenacyl bromide from the
parameter estimation. [2]0weight is the initial concentration of pyridine based on a weighted
measurement using a gas tight syringe. [2]0Nmins NMR is the concentration based on the first
NMR reading after the addition of pyridine at time 0. [2]0estimated is the estimated value of the
initial concentration of pyridine from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [1]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.09 0.09 0.08 0.18 0.18 0.19
2 0.18 0.19 0.18 0.35 0.37 0.38
3 0.27 0.26 0.26 0.09 0.09 0.10
4 0.23 0.22 0.22 0.16 0.15 0.15
Table D.2: Estimated reaction rate constants and average absolute error (AAE) for 1,1,2,2-
tetrachloroethane-d2 found using parameter estimation for the CH2 region of the NMR spectra.
k AAE 10−3
(l mol−1min−1) (mol l−1)
CH2 Peak 0.0481 4.43
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Figure D.1: Experimental data for the four reactions used (R1, R2, R3 and R4) in 1,1,2,2-
tetrachloroethane-d2 at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl
bromide concentration [1], the red squares represent pyridine concentration [2], the green circles
represent the product concentration [3] points and the purple plus symbols show the sum of
phenacyl bromide and product concentrations (mass balance), illustrating that there are no
other reactions occurring. The initial concentrations of phenacyl bromide and pyridine used can
be found in Table D.1.
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Figure D.2: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in 1,1,2,2-tetrachloroethane-d2
at 25 ◦C , where k is 0.0481 l mol−1 min−1. Experimental values are the symbols and the model
calculations are represented by the continuous curves. Experiments R1, R2, R3 and R4 are
represented by the black line and blue triangles, black line and red squares, black line and green
circles and black line and purple plus symbols respectively.
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D.2 Acetone-d6
Table D.3: Reactant concentrations used for the experiments in acetone-d6. [1]0weight is the
concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial con-
centration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas
tight syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the ad-
dition of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of
pyridine from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.10 0.10 0.10 0.18 0.19 0.19
2 0.27 0.28 0.28 0.09 0.08 0.09
3 0.40 0.42 0.43 0.19 0.20 0.23
4 0.20 0.20 0.22 0.28 0.30 0.34
Table D.4: Estimated reaction rate constants and average absolute error (AAE) for acetone-d6
found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.0741 1.36
CH2 Peak 0.0748 1.47
All Peaks 0.0744 1.53
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Figure D.3: Experimental data for the four reactions used (R1, R2, R3 and R4) in acetone-d6 at
25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1], the red squares represent pyridine concentration [2], the green circles represent the product
concentration [3] and the purple plus symbols show the sum of phenacyl bromide and product
concentrations (mass balance), illustrating that there are no other reactions occurring. For R3
and R4 there are no experimental points for the product concentration [3] due to solubility issues
and thus no mass balance. The initial concentrations of phenacyl bromide and pyridine used can
be found in Table D.3.
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Figure D.4: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in acetone-d6 at 25 ◦C , where
k is 0.0744 l mol−1 min−1. Experimental values are the symbols and the model calculations are
represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by the
black line and blue triangles, black line and red squares, green line and purple line respectively.
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D.3 Acetonitrile-d3
Table D.5: Reactant concentrations used for the experiments in acetonitrile-d3. [1]0weight is
the concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial
concentration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0volume is the initial concentration of pyridine based on a volume measurement using a gas tight
syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the addition
of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of pyridine
from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0volume [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.26 0.26 0.26 0.53 0.53 0.56
2 0.18 0.18 0.18 0.35 0.36 0.37
3 0.18 0.19 0.19 0.51 0.58 0.61
4 0.09 0.09 0.09 0.17 0.19 0.19
Table D.6: Estimated reaction rate constants and average absolute error (AAE) for acetonitrile-
d3 found using parameter estimation for different regions in the spectra. The peaks are chosen so
that there are peaks to compare with, thus increasing the statistical significance of the parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.1558 1.71
CH2 Peak 0.1569 1.83
All Peaks 0.1563 1.73
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Figure D.5: Experimental data for the four reactions used (R1, R2, R3 and R4) in acetonitrile-
d3 at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concen-
tration [1], the red squares represent pyridine concentration [2], the green circles represent the
product concentration [3] points and the purple plus symbols show the sum of phenacyl bromide
and product concentrations (mass balance), illustrating that there are no other reactions occur-
ring. The initial concentrations of phenacyl bromide and pyridine used can be found in Table
D.5.
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Figure D.6: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in acetonitrile-d3 at 25 ◦C ,
where k is 0.156 l mol−1 min−1. Experimental values are the symbols and the model calculations
are represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by the
black line and blue triangles, black line and red squares, green line and purple line respectively.
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D.4 Chloroform-d
Table D.7: Reactant concentrations used for the experiments in chloroform-d. [1]0weight is
the concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial
concentration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas tight
syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the addition
of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of pyridine
from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.10 0.10 0.11 0.20 0.21 0.21
2 0.21 0.21 0.22 0.34 0.35 0.38
3 0.37 0.37 0.36 0.74 0.76 0.75
4 0.18 0.18 0.19 0.32 0.36 0.37
Table D.8: Estimated reaction rate constants and average absolute error (AAE) for chloroform-
d found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
CH2 Peak 0.0184 8.11
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Figure D.7: Experimental data for the four reactions used (R1, R2, R3 and R4) in chloroform-d
at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1], the red squares represent pyridine concentration [2], the green circles represent the product
concentration [3] points and the purple plus symbols show the sum of phenacyl bromide and
product concentrations (mass balance), illustrating that there are no other reactions occurring.
The initial concentrations of phenacyl bromide and pyridine used can be found in Table D.7.
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Figure D.8: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in chloroform-d at 25 ◦C, where
k is 0.0184 l mol−1 min−1. Experimental values are the symbols and the model calculations are
represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by the
black line and blue triangles, black line and red squares, black line and green circles and black
line and purple plus symbols respectively.
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D.5 DMSO-d6
Table D.9: Reactant concentrations used for the experiments in DMSO-d6. [1]0weight is the
concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial con-
centration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas
tight syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the ad-
dition of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of
pyridine from the parameter estimation.
Exp. [1]0weight [1]0Nmins NMR [1]0estimated [2]0weight [2]0NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.27 0.19 0.24 0.09 0.09 0.08
2 0.27 0.15 0.24 0.16 0.18 0.17
3 0.26 0.10 0.25 0.35 0.33 0.32
4 0.26 0.04 0.22 0.43 0.44 0.42
Table D.10: Estimated rate constant from 1H NMR and average absolute error (AAE) for
DMSO-d6 found using parameter estimation.
k AAE 10−3
(l mol−1min−1) (mol l−1)
0.871 1.14
Table D.11: Estimated oxidation reaction rate constant (min−1) of phenacyl bromide in DMSO-
d6.
kox
(min−1)
0.000599
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Figure D.9: Experimental data for the four reactions used (R1, R2, R3 and R4) in DMSO-d6 at
25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1], the red squares represent pyridine concentration [2], the green circles represent the product
concentration [3] points and the purple plus symbols show the sum of phenacyl bromide and
product concentrations (mass balance), illustrating that there are no other reactions occurring.
The initial concentrations of phenacyl bromide and pyridine used can be found in Table D.9.
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Figure D.10: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in DMSO-d6 at 25 ◦C , where k
is 0.871 l mol−1 min−1 and the rate of oxidation kox is 0.000599 min−1. Experimental values are
the symbols and the model calculations are represented by the continuous curves. Experiments
R1, R2, R3 and R4 are represented by the black line and blue triangles, black line and red
squares, black line and green circles and black line and purple plus symbols respectively.
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D.6 Ethanol-d6
Table D.12: Reactant concentrations used for the experiments in ethanol-d6. [1]0weight is
the concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial
concentration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas tight
syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the addition
of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of pyridine
from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.10 0.10 0.10 0.18 0.21 0.21
2 0.36 0.35 0.36 0.19 0.19 0.19
3 0.53 0.52 0.52 0.27 0.26 0.28
4 0.18 0.18 0.17 0.44 0.46 0.47
Table D.13: Estimated reaction rate constants and average absolute error (AAE) for ethanol-
d6 found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.0178 6.45
CH2 Peak 0.0182 6.58
All Peaks 0.0180 6.63
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Figure D.11: Experimental data for the four reactions used (R1, R2, R3 and R4) in ethanol-d6
at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1], the red squares represent pyridine concentration [2], the green circles represent the product
concentration [3] points and the purple plus symbols show the sum of phenacyl bromide and
product concentrations (mass balance), illustrating that there are no other reactions occurring.
The initial concentrations of phenacyl bromide and pyridine used can be found in Table D.12.
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Figure D.12: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in ethanol-d6 at 25 ◦C , where
k is 0.0180 l mol−1 min−1. Experimental values are the symbols and the model calculations are
represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by the
black line and blue triangles, black line and red squares, black line and green circles and black
line and purple plus symbols respectively.
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D.7 Methanol-d4
Table D.14: Reactant concentrations used for the experiments in methanol-d4. [1]0weight is
the concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial
concentration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0volume is the initial concentration of pyridine based on a volume measurement using a gas tight
syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the addition
of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of pyridine
from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0volume [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.21 0.21 0.22 0.43 0.64 0.65
2 0.10 0.10 0.10 0.16 0.32 0.32
3 0.20 0.20 0.20 0.40 0.47 0.46
4 0.19 0.18 0.18 0.34 0.36 0.36
Table D.15: Estimated reaction rate constants and average absolute error (AAE) for methanol-
d4 found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.0150 4.43
CH2 Peaks 0.0172 4.77
All Peaks 0.0160 5.06
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Figure D.13: Experimental data for the four reactions used (R1, R2, R3 and R4) in methanol-d4
at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1], the red squares represent pyridine concentration [2], the green circles represent the product
concentration [3] points and the purple plus symbols show the sum of phenacyl bromide and
product concentrations (mass balance), illustrating that there are no other reactions occurring.
The initial concentrations of phenacyl bromide and pyridine used can be found in Table D.14.
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Figure D.14: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in methanol-d4 at 25 ◦C, where
k is 0.0150 l mol−1 min−1. Experimental values are the symbols and the model calculations are
represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by the
black line and blue triangles, black line and red squares, black line and green circles and black
line and purple plus symbols respectively.
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D.8 THF-d8
Table D.16: Reactant concentrations used for the experiments in THF-d8. [1]0weight is the
concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial con-
centration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas
tight syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the ad-
dition of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of
pyridine from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.09 0.09 0.09 0.17 0.20 0.20
2 0.18 0.18 0.18 0.25 0.28 0.27
3 0.18 0.18 0.18 0.34 0.38 0.39
4 0.09 0.09 0.09 0.26 0.29 0.29
Table D.17: Estimated reaction rate constants and average absolute error (AAE) for THF-
d8 found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−4
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.0156 6.95
CH2 Peak 0.0155 6.03
All Peaks 0.0155 6.70
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Figure D.15: Experimental data for the four reactions used (R1, R2, R3 and R4) in THF-d8 at
25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1] and the red squares represent pyridine concentration [2]. There is no product concentration
[3] values as the product does not dissolve in THF-d8 and thus no mass balance shown. The
initial concentrations of phenacyl bromide and pyridine used can be found in Table D.16.
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Figure D.16: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in THF-d8 at 25 ◦C , where
k is 0.0155 l mol−1 min−1. Experimental values are the symbols and the model calculations
are represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by
the black line (blue line for [3]) and blue triangles, black line (red line for [3]) and red squares,
black line (green line for [3]) and green circles and black line (purple line for [3]) and purple plus
symbols respectively.
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D.9 Toluene-d8
Table D.18: Reactant concentrations used for the experiments in toluene-d8. [1]0weight is the
concentration of phenacyl bromide based on the weighted amount. [1]0NMR is the initial con-
centration of phenacyl bromide from the NMR reading at time zero (t=0). [1]0estimated is the
estimated value of the initial concentration of phenacyl bromide from the parameter estimation.
[2]0weight is the initial concentration of pyridine based on a weighted measurement using a gas
tight syringe. [2]0Nmins NMR is the concentration based on the first NMR reading after the ad-
dition of pyridine at time 0. [2]0estimated is the estimated value of the initial concentration of
pyridine from the parameter estimation.
Exp. [1]0weight [1]0NMR [1]0estimated [2]0weight [2]0Nmins NMR [2]0estimated
No. (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1) (mol l−1)
1 0.11 0.11 0.11 0.16 0.19 0.20
2 0.22 0.21 0.22 0.39 0.43 0.44
3 0.22 0.21 0.22 0.64 0.70 0.71
4 0.45 0.45 0.43 0.55 0.65 0.64
Table D.19: Estimated reaction rate constants and average absolute error (AAE) for toluene-d8
found using parameter estimation for different regions in the NMR spectra. The peaks are
chosen so that there are peaks to compare with, thus increasing the statistical significance of the
parameters.
k AAE 10−3
(l mol−1min−1) (mol l−1)
Aromatic Peaks 0.00694 4.46
CH2 Peak 0.00644 3.37
All Peaks 4.24
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Figure D.17: Experimental data for the four reactions used (R1, R2, R3 and R4) in toluene-d8
at 25 ◦C and ambient pressure, where the blue triangles represent phenacyl bromide concentration
[1] and the red squares represent pyridine concentration [2]. There is no product [3] concentration
values as the product does not dissolve in toluene-d8 and thus no mass balance shown. The initial
concentrations of phenacyl bromide and pyridine used can be found in Table D.18.
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Figure D.18: The reaction progress of four reactions for the reactants phenacyl bromide [1],
pyridine [2] and the product [3] as a function of time in minutes in toluene-d8 at 25 ◦C , where
k is 0.00669 l mol−1 min−1. Experimental values are the symbols and the model calculations
are represented by the continuous curves. Experiments R1, R2, R3 and R4 are represented by
the black line (blue line for [3]) and blue triangles, black line (red line for [3]) and red squares,
black line (green line for [3]) and green circles and black line (purple line for [3]) and purple plus
symbols respectively.
Appendix E
Sodium β-Naphthoxide and Benzyl
Bromide: Reaction Mechanism and
Product Characterisation
E.1 Proposed Reaction Mechanism for the Alkylation Reac-
tion of Sodium β-Naphthoxide and Benzyl Bromide
O Na O
Ph
H H+
Ph
OH
OO Na
Ph Br
Ph
Ph Br
+   NaBr
+   NaBr
Figure E.1: The proposed reaction mechanism for the reaction of sodium β-naphthoxide and
benzyl bromide (Ph-CH2-Br, where Ph is C6H5), where the upper scheme shows the formation
of the O-alkylation product (1-benzyl-2-naphthyl ether) and the lower scheme shows the C-
alkylation product (1-benzyl-2-naphthol) formation.
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E.2 Preparation of Benzyl-2-Naphthyl Ether (P1) and 1-Benzyl-
2-Naphthol (P2):
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2-Naphthol (3.46g, 24.02 mmol) was added to 1 M NaOH (30 mL) and was stirred at RT.
After 2 h benzyl bromide (2.9 mL, 24.13 mmol) was added and the reaction mixture was left
to stir for 20 h. Toluene was added to the reaction mixture (400 mL) and then the organics
were extracted with toluene (3 x 100 mL), combined and then washed with Claisen Potash
solution (175 g KOH, 125 m L H2O, 350 mL MeOH) and water (250 mL). Organics were
dried over MgSO4 and concentrated in vacuo to give P1 as a crude mixture. The crude then
underwent flash column chromatography eluting with 3 % EtOAc/Hexane to give P1 as a
white solid (0.61 g, 2.60 mmol, 11 %). The aqueous layer was acidified at 0 ◦C with HCl (37
%), extracted with toluene (3 x 100 mL), dried over MgSO4. The solvent was removed in
vacuo to give P2 (3.77 g, 16.10 mmol, 66 %) as a light red solid. Overall ratio of P1:P2 is
14:86, overall ratio from the paper of P1:P2 is 11:89. Overall yield of P1:P2 is 11:66 % and
yield from the paper P1:P2 is 10:84.
Benzyl 2-naphthyl ether
O-Alkylation product (P1): λmax IR (film, cm−1); 3060 (C-H aromatic), 3028 (C-H aro-
matic), 1626 (C=C aromatic), 1598 (C=C aromatic), 1509 (C=C aromatic); 1H NMR (400
MHz, CDCl3) δH 5.22 (2H, s, C11-H), 7.26-7.29 (2H, m, CAr-H), 7.30-7.40 (2H, m, CAr-H),
7.43-7.50 (3H, m, CAr-H), 7.50-7.55 (2H, m, CAr-H), 7.70-7.82 (3H, m, CAr-H); 13C NMR (101
MHz, CDCl3) δ = 156.9, 137.0, 134.6, 129.6, 129.2, 128.8, 128.2, 127.8, 127.7, 126.9, 126.5,
123.8, 119.2, 107.2, 70.1; m/z (ES−) 233.0944 [M−H], (Found: [M−H], 233.0944 C17H13O
requires [M−H], 233.0942.
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1-Benzyl-2-naphthol
C-Alkylation product (P2): λmax IR (film, cm−1); 3414 (O-H broad), 3064 (C-H aromatic),
3028 (C-H aromatic), 2940 (C-H), 1631 (C-C aromatic), 1603 (C=C aromatic), 1586 (C=C
aromatic), 1506 (C=C aromatic); 1H NMR (400 MHz, CDCl3) 1H 4.51 (2H, s, C11-H), 4.98
(1H, s, OH), 7.14 (1H, d, J = 9.0 Hz, C3-H), 7.20-7.33 (5H, m, CAr-H), 7.36-7.41 (1H, m,
C7-H), 7.49 (1H, ddd, J = 8.5, 7.0, 1.5 Hz, C8-H),7.76 (1H, d, J = 9.0 Hz, C4-H), 7.85 (1H, d,
J = 8.0 Hz, C6-H), 7.97 (1H, d, J = 8.5 Hz, C9-H); 13C NMR (101 MHz, CDCl3) δ = 151.2,
140.1, 133.8, 129.6, 128.7, 128.7, 128.6, 128.3, 126.8, 126.2, 123.5, 123.4, 118.3, 118.0, 30.8;
m/z (ES−) 233.0965 [M−H], (Found: [M−H], 233.0965 C17H13O requires [M−H], 233.0966.
Appendix F
Alkylation Reaction: Spin-Lattice
Relaxation (T1) Values for All
Solvents
All measured T1 values, in seconds, for all components in the alkylation reaction of sodium
β-naphthoxide and benzyl bromide in all solvents are shown.
F.1 T1 Measurements in 1,2-Dimethoxyethane
Table F.1: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in
1,2-dimethoxyethane.
Entry peak (ppm) T1 (s)
1 7.679-7.564 0.980
2 7.564-7.466 0.798
3 7.466-7.373 0.888
4 7.255-7.127 0.837
5 7.112-6.974 0.827
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Table F.2: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in 1,2-
dimethoxyethane.
Entry peak (ppm) T1 (s)
1 7.541-7.474 5.094
2 7.457-7.399 4.983
3 7.399-7.334 5.583
4 4.710-4.625 4.198
Table F.3: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
1,2-dimethoxyethane.
Entry peak (ppm) T1 (s)
1 6.226-6.099 3.820
2 3.876-3.736 2.422
Table F.4: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in 1,2-dimethoxyethane.
Entry peak (ppm) T1 (s)
1 7.932-7.783 2.575
2 7.632-7.553 3.187
3 7.553-7.447 3.022
4 7.447-7.371 3.038
5 7.371-7.304 3.175
6 5.300-5.194 1.497
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Table F.5: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in 1,2-dimethoxyethane.
Entry peak (ppm) T1 (s)
1 8.713-8.589 1.616
2 8.032-7.950 1.409
3 7.880-7.809 1.944
4 7.809-7.729 2.013
5 7.483-7.417 1.950
6 7.417-7.354 2.177
7 7.354-7.304 2.379
8 7.304-7.232 2.600
9 7.224-7.141 3.139
10 4.647-4.534 0.721
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F.2 T1 Measurements in 1,4-Dioxane-d8
Table F.6: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in
1,4-dioxane-d8.
Entry peak (ppm) T1 (s)
1 7.684-7.579 1.595
2 7.579-7.481 1.089
3 7.416-7.287 1.080
4 7.276-7.166 1.469
5 7.112-6.931 0.955
6 6.931-6.771 0.445
Table F.7: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in 1,4-dioxane-d8.
Entry peak (ppm) T1 (s)
1 7.419-7.356 4.961
2 7.342-7.283 4.711
3 7.283-7.221 4.639
4 4.562-4.499 3.523
Table F.8: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
1,4-dioxane-d8.
Entry peak (ppm) T1 (s)
1 6.114-5.998 2.882
2 3.753-3.632 1.409
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Table F.9: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in 1,4-dioxane-d8.
Entry peak (ppm) T1 (s)
1 7.800-7.739 1.783
2 7.739-7.676 1.577
3 7.503-7.445 2.459
4 7.445-7.394 2.113
5 7.394-7.340 2.305
6 7.340-7.282 2.462
7 7.282-7.212 1.536
8 5.197-5.061 0.923
Table F.10: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in 1,4-dioxane-d8.
Entry peak (ppm) T1 (s)
1 7.957-7.858 1.147
2 7.792-7.725 1.554
3 7.704-7.644 1.435
4 7.413-7.319 1.704
5 7.294-7.234 1.831
6 7.234-7.143 1.793
7 7.143-7.041 1.573
8 4.540-4.403 0.437
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F.3 T1 Measurements in Acetic Acid-d4
Table F.11: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in acetic
acid-d4.
Entry peak (ppm) T1 (s)
1 7.746-7.663 1.642
2 7.663-7.599 1.623
3 7.394-7.304 1.721
4 7.278-7.195 2.046
5 7.195-7.123 2.180
Table F.12: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in acetic acid-d4.
Entry peak (ppm) T1 (s)
1 7.412-7.355 4.622
2 7.345-7.291 4.726
3 7.291-7.241 4.485
4 4.535-4.462 3.753
Table F.13: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
acetic acid-d4.
Entry peak (ppm) T1 (s)
1 6.174-5.992 2.879
2 3.795-3.631 1.338
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Table F.14: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in acetic acid-d4.
Entry peak (ppm) T1 (s)
1 7.990-7.894 1.073
2 7.811-7.659 1.914
3 7.527-7.456 2.678
4 7.456-7.340 2.281
5 7.340-7.237 2.343
6 7.237-7.181 2.310
7 7.181-7.121 2.092
8 7.121-7.029 1.899
9 5.255-5.203 1.044
Table F.15: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in acetic acid-d4.
Entry peak (ppm) T1 (s)
1 7.928-7.810 1.081
2 7.763-7.685 1.529
3 7.685-7.598 1.582
4 7.386-7.288 1.629
5 7.288-7.185 1.959
6 7.185-7.107 1.957
7 7.107-6.993 2.277
8 4.548-4.387 0.529
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F.4 T1 Measurements in Acetone-d6
Table F.16: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in acetone-
d6.
Entry peak (ppm) T1 (s)
1 7.549-7.456 3.583
2 7.456-7.363 2.777
3 7.344-7.245 2.731
4 7.135-7.046 3.292
5 7.031-6.923 3.396
6 6.922-6.843 4.182
7 6.843-6.743 3.691
Table F.17: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in acetone-d6.
Entry peak (ppm) T1 (s)
1 7.478-7.422 7.895
2 7.380-7.327 7.664
3 7.327-7.273 7.518
4 4.658-4.588 5.890
Table F.18: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
acetone-d6.
Entry peak (ppm) T1 (s)
1 6.178-5.989 5.277
2 3.820-3.656 2.2155
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Table F.19: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in acetone-d6.
Entry peak (ppm) T1 (s)
1 7.848-7.797 4.117
2 7.797-7.753 3.731
3 7.568-7.492 5.162
4 7.471-7.369 4.407
5 7.369-7.292 5.261
6 7.271-7.199 4.498
7 5.259-5.166 2.197
Table F.20: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in acetone-d6.
Entry peak (ppm) T1 (s)
1 8.743-8.608 2.329
2 7.987-7.882 2.278
3 7.830-7.765 3.106
4 7.765-7.695 3.037
5 7.429-7.329 2.947
6 7.329-7.230 3.786
7 7.230-7.1146 3.963
8 7.146-7.052 4.642
9 4.584-4.446 1.015
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F.5 T1 Measurements in Acetonitrile-d3
Table F.21: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in
acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 7.588-7.489 1.734
2 7.417-7.331 0.997
3 7.231-7.150 0.879
4 7.138-7.060 1.553
5 7.043-6.920 0.949
6 6.909-6.789 0.348
Table F.22: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 7.460-7.399 7.256
2 7.399-7.344 7.021
3 7.344-7.287 6.826
4 4.662-4.495 5.455
Table F.23: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 6.137-6.021 5.328
2 3.818-3.656 2.625
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Table F.24: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 7.843-7.771 3.819
2 7.771-7.717 3.391
3 7.524-7.467 4.561
4 7.467-7.425 4.169
5 7.425-7.370 4.568
6 7.370-7.289 4.030
7 7.237-7.188 4.288
8 5.216-5.138 2.205
Table F.25: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in acetonitrile-d3.
Entry peak (ppm) T1 (s)
1 7.935-7.864 2.197
2 7.830-7.766 3.153
3 7.762-7.696 3.073
4 7.427-7.353 3.347
5 7.323-7.272 2.753
6 7.272-7.241 2.497
7 7.241-7.218 3.747
8 7.218-7.174 3.589
9 7.160-7.085 4.194
10 4.516-4.393 1.043
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F.6 T1 Measurements in Ethanol-d
Table F.26: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in
ethanol-d.
Entry peak (ppm) T1 (s)
1 7.354-7.300 1.885
2 7.300-7.252 1.483
3 7.252-7.194 1.295
4 6.971-6.902 1.714
5 6.860-6.794 1.556
6 6.781-6.681 1.831
Table F.27: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in ethanol-d.
Entry peak (ppm) T1 (s)
1 7.410-7.346 4.514
2 7.346-7.289 4.500
3 7.289-7.234 3.948
4 4.539-4.464 3.610
Table F.28: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
ethanol-d.
Entry peak (ppm) T1 (s)
1 6.051-5.905 2.737
2 3.750-3.604 2.129
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Table F.29: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in ethanol-d.
Entry peak (ppm) T1 (s)
1 7.669-7.527 2.051
2 7.371-7.312 2.468
3 7.274-7.181 2.226
4 7.181-7.081 1.954
5 7.081-7.018 1.225
6 7.018-6.952 1.333
7 5.060-5.004 1.237
Table F.30: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in ethanol-d.
Entry peak (ppm) T1 (s)
1 7.711-7.623 0.891
2 7.554-7.491 1.263
3 7.489-7.431 1.157
4 7.216-7.147 1.667
5 7.147-7.085 1.546
6 7.085-7.043 1.558
7 7.043-6.985 1.282
8 6.985-6.918 1.640
9 6.907-6.833 1.915
10 4.375-4.280 0.473
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F.7 T1 Measurements in Ethyl Acetate
Table F.31: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in ethyl
acetate.
Entry peak (ppm) T1 (s)
1 7.687-7.545 0.775
2 7.545-7.405 0.546
3 7.405-7.254 0.603
4 7.254-7.079 0.553
5 7.079-6.868 0.559
6 6.826-6.352 0.017
Table F.32: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in ethyl acetate.
Entry peak (ppm) T1 (s)
1 7.500-7.444 4.722
2 7.409-7.354 4.702
3 7.351-7.302 5.007
4 4.651-4.584 4.029
Table F.33: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
ethyl acetate.
Entry peak (ppm) T1 (s)
1 6.161-6.048 3.590
2 3.834-3.705 2.009
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Table F.34: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in ethyl acetate.
Entry peak (ppm) T1 (s)
1 7.890-7.736 2.559
2 7.611-7.536 2.963
3 7.501-7.404 2.871
4 7.404-7.315 2.897
5 7.315-7.246 3.172
6 7.246-7.162 2.151
7 5.301-5.230 1.649
Table F.35: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in ethyl acetate.
Entry peak (ppm) T1 (s)
1 8.119-8.056 1.658
2 7.992-7.935 1.476
3 7.839-7.778 2.015
4 7.767-7.707 2.050
5 7.435-7.379 2.056
6 7.379-7.341 1.720
7 7.341-7.264 2.418
8 7.264-7.183 2.556
9 7.172-7.100 2.972
10 4.636-4.530 0.769
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F.8 T1 Measurements in Methanol-d4
Table F.36: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in
methanol-d4.
Entry peak (ppm) T1 (s)
1 7.597-7.536 1.776
2 7.536-7.485 1.500
3 7.485-7.389 1.448
4 7.228-7.115 1.765
5 7.076-7.014 1.975
6 7.014-6.961 1.843
7 6.961-6.864 1.923
Table F.37: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in methanol-d4.
Entry peak (ppm) T1 (s)
1 7.387-7.325 6.798
2 7.325-7.269 6.446
3 7.269-7.217 6.322
4 4.538-4.445 4.998
Table F.38: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
methanol-d4.
Entry peak (ppm) T1 (s)
1 6.093-6.014 4.418
2 3.751-3.658 2.412
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Table F.39: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in methanol-d4.
Entry peak (ppm) T1 (s)
1 7.805-7.682 3.289
2 7.512-7.427 4.272
3 7.424-7.335 4.074
4 7.335-7.222 3.754
5 7.213-7.169 3.78
6 7.168-7.028 3.284
7 5.194-5.134 2.025
Table F.40: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in methanol-d4.
Entry peak (ppm) T1 (s)
1 7.803-7.737 1.485
2 7.680-7.620 2.116
3 7.620-7.561 2.011
4 7.264-7.216 2.573
5 7.216-7.183 2.899
6 7.183-7.118 2.517
7 7.116-7.060 2.742
8 7.027-6.977 3.456
9 4.443-4.387 0.672
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F.9 T1 Measurements in THF-d8
Table F.41: Spin-lattice relaxation (T1) values, in seconds, of sodium β-naphthoxide in THF-d8.
Entry peak (ppm) T1 (s)
1 7.586-7.505 1.363
2 7.505-7.409 0.730
3 7.384-7.273 0.676
4 7.176-7.091 1.235
5 7.091-7.000 0.251
6 6.990-6.849 0.757
Table F.42: Spin-lattice relaxation (T1) values, in seconds, of benzyl bromide in THF-d8.
Entry peak (ppm) T1 (s)
1 7.432-7.369 6.579
2 7.344-7.285 6.233
3 7.285-7.228 6.206
4 4.583-4.522 5.004
Table F.43: Spin-lattice relaxation (T1) values, in seconds, of 1,3,5-trimethoxybenzene (IS) in
THF-d8.
Entry peak (ppm) T1 (s)
1 6.146-5.981 4.245
2 3.784-3.645 1.873
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Table F.44: Spin-lattice relaxation (T1) values, in seconds, of benzyl-2-naphthyl ether
(O-alkylation product) in THF-d8.
Entry peak (ppm) T1 (s)
1 7.846-7.701 2.755
2 7.575-7.478 3.738
3 7.478-7.365 3.481
4 7.365-7.293 3.171
5 7.293-7.217 3.027
6 5.268-5.112 1.551
Table F.45: Spin-lattice relaxation (T1) values, in seconds, of 1-benzyl-2-naphthol (C-alkylation
product) in THF-d8.
Entry peak (ppm) T1 (s)
1 8.690-8.568 2.042
2 8.000-7.889 1.493
3 7.819-7.742 2.170
4 7.742-7.654 2.053
5 7.415-7.343 2.454
6 7.343-7.285 2.853
7 7.281-7.232 2.644
8 7.232-7.160 2.434
9 7.142-7.065 3.235
10 4.615-4.470 0.696
Appendix G
Alkylation Reaction
G.1 1,4-Dioxane and 1,4-Dioxane-d8 Concentration Graphs
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Figure G.1: Experimental concentration data as a function of time for the six reactions used
(R1, R2 and R3) in 1,4-dioxane and (R4, R5 and R6) 1,4-dioxane-d8 at 25 ◦C and ambient pres-
sure using 1H NMR spectroscopy. The blue triangles represent sodium β-naphthoxide concentra-
tion [1], the red squares represent benzyl bromide concentration [2], the green circles represent
the product concentration of P1 [3], the purple plus symbols represent the product concentration
of P2 [4], the black crosses show the sum of sodium β-naphthoxide and the product concen-
trations (P1 + P2) (mass balance), the brown diamonds show the sum of benzyl bromide and
the product concentrations (P1 + P2) (mass balance); and the corresponding lines show the
calculated concentrations using gPROMS.
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Figure G.2: Product ratio of P1 / P2 for 1,4-dioxane (R1, R2 and R3) and 1,4-dioxane-d8 (R4,
R5 and R6) as a function of time, where the blue triangles represent R1, red squares R2, green
circles are R3, orange crosses are R4, pink diamonds are R5, brown plus symbols are R6, the
black line is the calculated product ratio and the purple dashed line is the literature ratio from
Zagorevsky [71]
G.2 Regressed Solvatochromic Equation
The following solvatochromic equation was regressed using Equation (2.16) for the O-alkylation
reaction of sodium β-naphthoxide and benzyl bromide to form P1 (benzyl 2-naphthyl ether)
using the eight solvents (using 1,4-dioxane-d8 over 1,4-dioxane) studied;
log k = 3.17 + 6.27S + 14.16A− 3.86B − 0.46δ
2
H
100 , (G.1)
with an average absolute percentage error (AAPE - based on equation (3.22)) of 10.08 %. The
quality of fit obtained from this relationship can be seen by a plot of the predicted reaction
rate constants (log kpred) against the actual experimental reaction rate constants (log kexp),
Figure G.3, where R2 = 0.67. This shows that the second-order reaction rate constant (k1)
is increased by solvents with large S values e.g. dipolar aprotic solvents and large A values,
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Table G.1: Solvent descriptors used in the solvatochromic equation, where A, B, S are the
acidity, basicity and polarity / polarisability respectively [57], δ is either equal to 1, 0.5 or 0.0 for
aromatic, polyhalogenated or nonhalogenated solvents respectively and the Hildebrand solubility
parameter δ2H with units of MPa, is a measure of the solvent-solvent interaction, the cohesive
energy density.
Solvent A B S δ δ2H
(MPa)
Acetonitrile 0.07 0.32 0.90 0.00 24.05
Methanol 0.43 0.47 0.44 0.00 29.59
Ethanol 0.37 0.48 0.42 0.00 26.13
Acetone 0.04 0.484 0.70 0.00 19.73
THF 0.00 0.481 0.52 0.00 18.97
1,2-DME 0.00 0.68 0.67 0.00 17.67
Ethyl Acetate 0.00 0.45 0.62 0.00 18.35
1,4-Dioxane 0.00 0.649 0.75 0.00 20.54
solvents with high acidity. However, there does not appear to be any other trends.
The following solvatochromic equation was also regressed using Equation (2.16) for the C-
alkylation reaction of sodium β-naphthoxide and benzyl bromide to form P2 (1-benzyl-2-
naphthol) using the eight solvents studied;
log k = −1.80 + 3.14S + 6.25A− 1.89B − 0.17δ
2
H
100 , (G.2)
with an average absolute percentage error (AAPE - based on Equation (3.22)) of 2.04 %. The
quality of fit obtained from this relationship can be seen by a plot of the predicted reaction
rate constants (log kpred) against the actual experimental reaction rate constants (log kexp),
Figure G.4, where R2 = 0.92. The same can be concluded for this solvatochromic equation as
the previous one, where the second-order reaction rate constant (k2) is increased by solvents
with large S values e.g. dipolar aprotic solvents and large A values, solvents with high acidity.
However, there is a much narrower range of variation so this shows that this reaction is much
less sensitive to solvent effects than the previous reaction.
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Figure G.3: Experimental reactions rate constants (log kexp) against the predicted reaction rate
constants (log kpred) at 25 ◦C, for the reaction of sodium β-naphthoxide and benzyl bromide to
form the product P1 (benzyl 2-naphthyl ether), obtained using the solvatochromic equation
(2.16). The black line shows the linear trend and the red-dashed line is the y = x line.
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Figure G.4: Experimental reactions rate constants (log kexp) against the predicted reaction rate
constants (log kpred) at 25 ◦C, for the reaction of sodium β-naphthoxide and benzyl bromide to
form the product P2 (1-benzyl-2-naphthol), obtained using the solvatochromic equation (2.16).
The black line shows the linear trend and the red-dashed line is the y = x line.
